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Thesis Abstract
Despite the importance of feed intake and efficiency in beef production, there
are still gaps in our knowledge on optimal production efficiency traits and breeding
strategies for improved feed, production and economic efficiency. The objectives of
this thesis were to redefine production efficiency in growing cattle by exploiting
carcass information and to validate current beef breeding goals for improving
efficiency, and to investigate the relationships of feeding behaviour with performance,
feed efficiency, and carcass merit. Feed intake and liveweight data were available on
up to 6,088 cattle, of which 3,146 had carcass data, 4,672 had ultrasound data and
1,548 had feeding behaviour data. Herd-level genetic merit and financial performance
data were available from 1,311 commercial beef herds. Novel feed efficiency traits
were derived that better depict an animal’s ability to convert feed into carcass, as
opposed to just liveweight. Considerable phenotypic and genetic variation existed in a
range of feeding behaviour traits, with heritability estimates ranging from 0.19 for
meals per day to 0.61 for feeding time per day. Some feeding behaviours were
phenotypically and genetically correlated with liveweight, efficiency, and carcass
merit in growing cattle. Although the usefulness of feeding behaviour traits in
predicting genetic merit for feed intake was marginal, some feeding behaviour traits
explained up to 13.4 % of the inter-animal phenotypic variation in feed intake. Current
terminal breeding goals in Ireland are already indirectly favouring feed and production
efficient cattle; furthermore, analyses of herd-level data revealed that herds of superior
beef terminal and maternal genetic merit generate more gross profit. This thesis
presents potentially useful traits for the improvement of feed and production efficiency
in growing cattle and should instil confidence in stakeholders as to the efficacy of beef
breeding objectives.
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Chapter 1: Introduction and Literature Review

1.1 Abstract
The importance of feed efficiency in livestock production systems is
unquestionable and animal breeding has been a proven method to deliver long-term
gains in cattle that will persist across generations. The aims of this review were: 1) to
summarise the primary Irish cattle breeding goals and discuss methods of breeding
goal validation; 2) to discuss definitions of feed efficiency in cattle, their phenotypic
and genetic interrelationships, and relationships with performance and carcass merit;
and 3) to discuss definitions of feeding behaviour in cattle, their phenotypic and
genetic interrelationships, and relationships with performance and efficiency. Cattle
breeding in Ireland is assisted by economic-based selection indexes, which include the
dairy Economic Breeding Index, the Dairy-Beef Index, and the beef terminal and beef
maternal breeding indexes. Internationally, breeding goal validation is generally
undertaken using experimental research herds, cross-sectional databases of animallevel data, and cross-sectional databases of herd-level data; however, a validation of
genetic merit and profit has not been undertaken in beef herds using financial data at
the herd level. A meta-analysis of up to 56 scientific publications in growing cattle
showed significant genetic variation in all surveyed feed efficiency traits with pooled
heritability estimates of 0.23 ± 0.011, 0.35 ± 0.011, and 0.24 ± 0.023 for feed
conversion ratio, residual feed intake, and residual liveweight gain, respectively. A
meta-analysis of phenotypic and genetic correlations among growth rate and
liveweight, feed intake, feed efficiency, and carcass traits is also presented. The genetic
correlations between feed efficiency traits and carcass traits in particular lacked
consistency across the surveyed literature, partly due to sampling variation associated
with the small population of animals in several studies. A summary of feeding
behaviour traits defined using individual visits to the feed bunk (i.e., feed events), and
feeding behaviour traits defined using a cluster of feed events (i.e., meals) is also
portrayed. The number of studies in growing cattle on the genetics of feeding
behaviour was far fewer than the number of studies on the genetics of feed efficiency.
Moderate genetic variation existed in several feeding behaviour traits, with pooled
heritability estimates ranging from 0.15 ± 0.045 to 0.47 ± 0.038 for feed event duration
and feeding rate, respectively. Several feeding behaviour traits were also
phenotypically and genetically correlated with performance and feed efficiency in
growing cattle, but there was considerable variation in some correlations estimates
2

across studies. The gaps in knowledge surrounding the relationships between feed
efficiency and carcass traits, validation of breeding goals for efficiency and profit, and
feeding behaviour traits as proxy traits for feed intake and efficiency are also
discussed.
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1.2 Introduction
Livestock production systems must be robust and responsible in order to ensure
food security for a growing world population, as well as deliver a sustainable
livelihood for the primary producer. These agricultural systems must therefore be
productive, efficient, and economically viable without having a significant burden on
the environment, or indeed animal well-being. Internationally, ruminants play an
important role in converting lowly human bio-available nutrients such as cellulose into
high quality human edible animal protein; ruminants are, however, also a significant
source of greenhouse gas (GHG) emissions (Opio et al., 2013; Rolfe et al., 2011).
Concurrent with the greater demand for animal protein, including red meat, is societal
pressure to mitigate the environmental impact associated with the greater consumption
of animal protein. Animal agriculture is estimated to be responsible for 14.5% of
global GHGs (Gerber et al., 2013), with emissions from beef and dairy cattle being
estimated to comprise 41% and 20% of the sector’s emissions, respectively (Gerber et
al., 2013). Animal breeding has been suggested as a feasible long-term emissions
mitigation tool (Wall et al., 2009) as any improvements in animal productivity or
efficiency, and subsequently emissions, will persist, as gains from breeding culminate
over generations.
As well as the environmental footprint of ruminant systems, beef farming is
generally a low margin business (Deblitz et al., 2005; Dillon et al., 2020). Beef
enterprise profitability is relatively low or even negative in some jurisdictions
(Crosson et al., 2006). According to the Teagasc National Farm Survey 2020 (Dillon
et al., 2020), in comparison to arable, dairy and sheep enterprises, Irish farms rearing
beef cattle had the lowest average family farm income of €9,037 with subsidies
comprising 157% of farm income. External factors influencing beef farm profitability
include input/output commodity prices and governmental policy, while several factors
affecting profitability within the farm gate remain under the control of the primary
producer. Improved beef farm productivity and efficiency through more informed
breeding decisions are expected to improve the profitability of the system (Herd et al.,
2003). For example, feed costs are considered one of the largest variable costs in beef
enterprises, and the study of feed efficiency in livestock has been a popular topic in
the literature since the mid-20th century (Koch et al., 1963; Byerly, 1941). In particular,
the genetic improvement of feed efficiency in growing and lactating cattle has
4

increased in popularity over the last 20 years (Berry and Crowley, 2013; Archer et al.,
1999), partly due to the advent of technology which greatly assists the collection of
individual animal feed intake data (Basarab et al., 2002). In contrast to studies in
lactating cattle, most studies investigating the genetics of feed efficiency in beef cattle
have focused on growing cattle, given that the feed efficiency metrics are generally
easier to define and measure in this cohort (Berry and Crowley, 2013). The extensive
review of the literature by Berry and Crowley (2013) concluded there is heritable
genetic variation in feed intake and feed efficiency in growing cattle.
Feed intake and efficiency has also been documented to be correlated with
methane emissions in growing cattle (Bird-Gardiner et al., 2017; Herd et al., 2016). As
such, much of the research on cattle feed efficiency is now focusing on the
interrelationships between feed efficiency and environmental efficiency (Berry et al.,
2015). Consequently, breeding for improved feed efficiency has been suggested as a
potential means of reducing GHG emissions from beef production (Basarab et al.,
2013; Wall et al., 2009); concurrent with a likely reduction in the cost of production
(Herd et al., 2003). Lacking consensus, however, is how best to select for improved
feed efficiency in cattle, including what form feed efficiency should take in a beef
breeding goal (Berry and Pryce, 2014). Current definitions of feed efficiency are also
not necessarily equivalent to production efficiency, and there is conflicting evidence
on the genetic relationships between various measures of feed efficiency and carcass
merit in beef cattle. Investigations into the genetic relationships between feed
efficiency and carcass traits have generally been reliant on relatively small dataset
sizes, leading to considerable sampling variation surrounding the parameter estimates.
Such associations must be fully investigated in order to elucidate the impact of
selection for feed efficiency on other performance traits like carcass weight and carcass
quality. Additionally, the collection of feed intake and efficiency phenotypes is
resource intensive and knowledge of the existence of suitable, relatively easier-tomeasure proxy traits, such as feeding behaviour, could prove very useful to support
improvement in the efficiency of feed utilisation.
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1.3 Cattle Breeding in Ireland
The direction of beef and dairy cattle breeding programmes in Ireland is
dictated by the respective breeding objectives. Breeding objectives enable the easy
identification of the next generation of animals and comprise traits which influence an
animal’s (or progeny’s) profit with a weight on each trait in the index reflecting its
relative importance (Hazel, 1943). For a trait to be included as a goal trait in a selection
index, it must fulfil several criteria:
1) It must be economically, environmentally, or socially important.
2) It must be heritable.
3) It must be measurable or genetically correlated with other measurable traits or
information such as genomic data.
The main advantage of selection indexes are that genetic selection can be
exerted on multiple traits simultaneously, even when some of these traits are
antagonistically correlated (Hazel, 1943). The Irish Cattle Breeding Federation (ICBF;
www.icbf.com) is a not-for-profit organisation that manages the Irish national
database of phenotypic and genomic dairy and beef cattle data, and routinely
undertakes genetic evaluations for dairy and beef cattle using the MiX99 software suite
(MiX99 Development Team, 2015). As the majority of beef cattle in Ireland are
crossbred, with a substantial transfer of genetic material between dairy and beef herds
(Berry et al., 2006), all beef genetic evaluations account for heterosis and
recombination loss, as well as breed differences through the use of genetic groups in
the evaluations. Irish dairy and beef genetic evaluations are displayed as predicted
transmitting ability (PTA). The economic values and weights for the Irish beef and
dairy selection indexes are routinely determined by Teagasc (Shalloo et al., 2004;
Berry et al., 2006; Crosson et al., 2006; Berry et al., 2019a), and represents the
associated costs and revenues for a specific trait. The PTA for each index trait is
multiplied by its respective economic weight and the resulting products are then
summed to generate the overall index profit value.
1.3.1 Dairy indexes
The main breeding goal for dairy cows in Ireland is the Economic Breeding
Index (EBI) which aims to identify both male and female cattle excelling genetically
in the expected profitability of their female progeny as lactating dairy cows (Berry et
6

al., 2007). The sub-indexes of the EBI include 1) milk production, 2) fertility, 3)
calving, 4) beef, 5) maintenance, 6) management, and 7) health; the relative emphasis
on each sub-index within the EBI is illustrated in Figure 1.1.
Maintenance, 7%

Health, 4%

Beef, 8%

Production, 32%

Calving, 10%

Fertility, 35%

Figure 1.1. Relative emphasis on each sub-index in the dairy Economic Breeding
Index (EBI).

1.3.2 Beef indexes
A terminal and a maternal breeding goal aids beef breeding in Ireland. The maternal
breeding goal in Ireland is termed the replacement index. The terminal index is
designed to identify cattle excelling genetically in the expected profitability of their
progeny for slaughter (Connolly et al., 2016). The terminal index includes carcass
weight, carcass conformation and carcass fat cover, feed intake, docility, as well as
calving performance traits such as gestation length, perinatal mortality, and calving
difficulty; the relative emphasis on each trait in the index is shown in Figure 1.2.
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Calf Mortality, 3%

Gestation Length, 4%
Direct Calving
Difficulty, 18%

Docility, 2%
Feed
Intake,
16%

Carcass, 57%

Figure 1.2. Relative emphasis on each trait in the beef terminal index.
The beef replacement index (i.e., maternal index) is designed to identify cattle
excelling genetically in the expected profitability of their female progeny as
replacement beef cows (Dunne et al., 2020b). The replacement index is comprised of
two sub-indexes: the calf sub-index, which contains all the traits in the aforementioned
terminal index, and the cow sub-index, which includes calving interval, maternal
calving difficulty, age at first calving, milking ability, cow docility, survival, cow
liveweight, and cull cow carcass weight. The relative emphasis on each trait in the beef
replacement index is illustrated in Figure 1.3.

Carcass, 21%
Cow Liveweight, 14%
Feed Intake, 4%
Milking Ability,
18%

Docility, 4%
Direct Calving
Difficulty, 7%

Calving Interval, 9%
Gestation Length, 2%
Age at First Calving, 6%

Calf Mortality, 1%

Maternal Calving Difficulty, 6%

Survival, 8%

Figure 1.3. Relative emphasis on each trait in beef replacement index.
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1.3.3 Dairy-beef index
The dairy beef index (DBI) is used to identify beef sires to be mated to dairy
females that excel in the profitability of their progeny at slaughter. It is composed of a
beef sub-index and a calving sub-index, which together are designed to increase the
carcass value of surplus calves from the dairy industry with minimal impact on the
incidence and costs associated with calving difficulty, calf mortality, and gestation
length. The relative emphasis on each trait in the dairy-beef index is shown in Figure
1.4.

Dairy
Calving
Difficulty,
35%

Carcass ,
41%

Calf Mortality, 1%
Feed Intake, 9%
Gestation Length, 13%

Docility, 1%

Figure 1.4. Relative emphasis on each trait in the dairy-beef index.
1.3.4 Breeding goal validation
In order to provide confidence to breeders and producers as to the ability of
breeding goals to deliver improved performance and efficiency, the breeding goals
must be scientifically validated. Despite the importance of breeding goal validation,
and the onus on animal geneticists to demonstrate breeding goals perform as designed,
not all breeding goals worldwide are validated. On the other hand, validation of
genomic evaluations is common in beef (Bolormaa et al., 2013; Saatchi et al., 2011;
Weber et al., 2012) and dairy cattle (Pryce et al., 2014; 2011). Phenotypic validation
of traditional genetic evaluations and overall breeding objectives is generally
performed through small scale experimental studies (Coleman et al., 2009; McCabe et
al., 2017; Clarke et al., 2009a; Macdonald et al., 2008; O'Sullivan et al., 2019; Newton
et al., 2017), using large databases of individual animal-level records (Twomey et al.,
2020; Connolly et al., 2016; Crews, 2002; Berry and Ring, 2020; McHugh et al., 2014;
Brown et al., 2005), and/or using databases of herd level data (Ramsbottom et al.,
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2012). The advantages and disadvantages of each validation approach are presented in
Table 1.1.
Several studies on cattle have validated both estimated breeding values (EBV)
for terminal traits, as well as overall terminal breeding objectives (Connolly et al.,
2016; Clarke et al., 2009a; Clarke et al., 2009c; Crews, 2002). In a controlled
experimental study of 107 male progeny, Clarke et al. (2009a) demonstrated that
progeny from sires excelling in a terminal index had heavier, better conformed, and
leaner carcasses than progeny from lower terminal genetic merit sires. A similar
conclusion was documented by Connolly et al. (2016) from a cross-sectional analysis
of a large database of animal level records, where cattle excelling in a terminal total
merit breeding objective had heavier, better conformed, and leaner carcasses of greater
monetary value. Additionally, Crews (2002) demonstrated that the relationship
between sire expected progeny difference and subsequent progeny performance for
carcass weight, fat thickness, muscle area, marbling score, and percent lean yield was
at, or near, theoretical expectation.
In comparison to terminal traits, validation of maternal trait EBVs and maternal
breeding objectives are less common. In an experimental study of 131 beef cows,
McCabe et al. (2020) reported no difference in production efficiencies such as milk
yield, feed efficiency, or calf weaning weight between cows of high and low genetic
merit for the Irish replacement index. However, high genetic merit cows were lighter
in body weight with no deterioration in body condition score. McHugh et al. (2014)
validated the relationship between the EBV for maternal traits and the respective trait
phenotypic performance, showing calving interval, age at first calving, direct and
maternal weaning weight all increased by 0.58 days, 0.32 days, 1.74 kg, and 0.84 kg,
respectively, for each unit increase in the respective trait’s EBV (McHugh et al., 2014).
Similarly, using the Irish maternal breeding objective, cows of a higher maternal
genetic merit had less calving difficulty, superior fertility, and were lighter and more
docile than their lower genetic merit contemporaries (Twomey et al., 2020).
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Table 1.1. Advantages and disadvantages of three primary methods used to validate
the ability of breeding goals to deliver in terms of phenotypic animal performance and
profit.
Validation
Method
Experimental/
research herds

Advantages

Disadvantages

 Extent and depth of measurement
is highly precise
 Environmental noise is strongly
controlled
 Can also act as a demonstration
focal point
 Often simple statistical analyses
so results are easy to describe

 Generally small sample size with
relatively low statistical power
 Can suffer from a lack of genetic
diversity
 Danger of generalising
conclusions to production
systems not represented in the
experiment
 Expensive and labour intensive
to conduct

Cross-sectional
analyses of
animal level
records

 Generally high statistical power
 Wide genetic diversity
 Relatively inexpensive to
undertake
 Animals from many production
systems can be represented in the
analyses

 Large number of experimental
records required to minimize
influence of data errors if
occurring randomly
 Assignment of animals to
appropriate contemporary groups
can be problematic
 Data on deep phenotypes not
always available
 Factors, costs, and revenues not
attributable to individual animals
cannot be included in the
analyses
 Can be difficult for farmers to
understand statistical models

Cross-sectional
analyses of herd
level records

 Factors, costs, and revenues not
attributable to individual animals
can be included in the analyses
 Better reflection of reality when
using actual farm financial data
compared to economic values
derived from bio-economic
models
 Relatively inexpensive to
undertake

 Large number of experimental
records required to minimize
influence of data errors if
occurring randomly
 Can be difficult to properly
account for inter-herd differences
in technical efficiency
 Data not always routinely
available
 Can be difficult for farmers to
understand statistical models
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Few studies have validated the ability of economic breeding objectives to
deliver more profitable animals using actual herd-level financial data, as opposed to
economic values applied at an individual animal level. Using herd-level financial
information, Ramsbottom et al. (2012) demonstrated that each unit increase in the
herd-average genetic merit of Irish spring calving dairy herds was associated with a
€1.94 increase in herd profit per lactation, a figure that was marginally less than the
expected coefficient of €2.
Within an animal level validation, the influence of genetic merit on animal
performance is realised by removing the effect of the environment to which the animal
belongs; this is usually accomplished by adjusting performance by the animal’s
contemporary group, as well as other animal level factors such as sex and the parity of
the dam (McHugh et al., 2014; Brown et al., 2005). At the herd-level, it is difficult to
separate the improvements in financial performance attributed to the genetic merit of
cattle from the improvements attributed to the technical efficiency of the farm/farmer
(i.e., the influence of the herd environment). The approach taken by Ramsbottom et al.
(2012) to attempt to adjust for farm technical efficiency was to correct financial
performance for stocking rate, herd size, and concentrate input. These factors have
previously been shown to influence farm financial performance in pasture based
systems (Shalloo et al., 2004). To date, no such validation of genetic merit and profit
has been undertaken in beef herds using financial data at the herd level.
1.4 Measurement of Feed Intake
Feed intake measurements in cattle were traditionally recorded using manual
feed intake boxes like the Calan Broadbent Feeding system (American Calan,
Northwood, NH) in which an animal was restricted to feed from a specific box and the
quantity of feed offered and refused was manually recorded. Automated feed stations
such as the Roughage Intake Control (RIC) Feed-Weigh Trough system (Insentec,
Hokofarm Group BV, Marknesse, The Netherlands), the Controlling and Recording
Feed Intake system (CRFI) (BioControl Norway As, Rakkestad, Norway), and the
GrowSafe system (GrowSafe Systems Ltd., Calgary, AB, Canada) are now among the
most common apparatus used for measuring feed intake in cattle (Basarab et al., 2002;
2003; Richeson et al., 2018; Seymour et al., 2019). These systems generally operate
indoors or in an outdoor feedlot setting and comprise a feed bunk on a mass scales.
Radio frequency identification (RFID) is used to record the attendance of cattle at the
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feed bunk and the quantity of feed eaten. Such systems also record the time of
attendance; therefore facilitating the collection and derivation of a plethora of timeseries feeding behaviour data which may have further use in animal breeding
(Nkrumah et al., 2007b; Chen et al., 2014) and management (Quimby et al., 2001;
Kayser et al., 2019). However, measuring feed intake using automated feed stations
remains resource intensive, owing to a number of factors, including:
1) expensive initial equipment capital cost;
2) continued servicing and calibration to ensure proper function;
3) routine monitoring for data errors;
4) the machinery is not mobile once installed;
5) the requirement for a fresh and continuous feed supply to maintain ad libitum levels
of feeding;
6) the number of animals per unit, and thus per pen, is limited.
As such, the collection of feed intake phenotypes is generally restricted to
research herds or highly informative nucleus herds collecting specific data for genetic
and genomic evaluations (Herd et al., 2003; Bolormaa et al., 2013). Furthermore,
automated feed stations are not well suited to the measurement of feed intake in
comparatively more extensive pasture-based systems, as cattle have the opportunity to
selectively graze at pasture.
1.5 Definitions of Feed Efficiency
Feed conversion ratio (FCR) is generally considered the traditional measure of
feed efficiency in most livestock industries and in the scientific literature, FCR is
calculated as feed intake/dry matter intake (DMI) divided by average daily gain in
liveweight (ADG). The inverse, feed conversion efficiency (FCE), or gain over feed,
is also occasionally reported in the cattle literature (Taussat et al., 2019; Durunna et
al., 2011a; Rolfe et al., 2011). Such measures are simple to calculate and so are useful
to determine the impact of diet and management on the performance and efficiency of
animals. Neither FCR nor FCE assume any variation in the efficiency of feed used for
maintenance (i.e., feed used for essential body functions), however, such variation is
known to exist (Archer et al., 1999). Other similar ratio traits, that are not necessarily
feed efficiency traits themselves but describe the efficiency of growth of an animal,
include relative growth rate [RGR; (Fitzhugh and Taylor, 1971) and Kleiber ratio (KR;
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Kleiber (1961)]. Relative growth rate is defined as growth rate relative to instantaneous
body size, and is defined as:
RGR = 100 × [

log e (end test liveweight) − log e (start test liveweight)
]
days on test

where end liveweight is the liveweight at the end of the test period and start liveweight
is the liveweight at the start of the test period. Kleiber Ratio is defined as the growth
rate per unit of metabolic liveweight (MBW; liveweight0.75). Both RGR and KR can
be considered feed efficiency traits if all animals within a test are fed the same diet and
subject to the same test environment.
Residual feed intake (RFI) or net feed efficiency is a very popular measure of
feed efficiency in cattle. Residual feed intake is the difference between actual and
predicted feed intake, of which a similar trait was first proposed by Byerly (1941) in
laying hens, although it was later defined in growing cattle by Koch et al. (1963) who
defined RFI as the residuals from the multiple linear regression of daily feed or energy
intake on the (measurable) energy sinks related to maintenance and production.
Therefore, RFI is defined on a daily basis and may, in fact, not be related to feed
efficiency over the lifetime of an animal. Residual feed intake is generally derived
using a least squares regression approach but can also be derived using feed intake
predicted from feed tables (NRC, 2016). If RFI is derived from least squares
regression, then the raw mean value of the population will be zero and RFI will be
independent of the energy sinks used in the regression model (Arthur et al., 2001a). If
RFI is derived from feed tables, then the energy sinks are not assumed to be
independent from RFI and so phenotypic correlations between the energy sinks and
RFI can exist (Arthur et al., 2001a). Regardless of the calculation used to derive RFI,
cattle with a lower value for RFI are deemed more efficient per day, i.e., they eat less
per day than would be expected for their maintenance and growth requirements (Figure
1.5). The traditional formula for RFI in growing cattle is:
RFI = DMI − (β1ADG + β2 liveweight 0.75 )
where RFI = residual feed intake, DMI = daily dry matter intake, β 1 and β2 are partial
regression coefficients, ADG = average daily gain, and liveweight0.75 = metabolic
liveweight (MBW). The energy used for growth is represented by including ADG in
the RFI model, and MBW is included to represent the energy used for maintenance.
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MBW is often defined as liveweight midway through the test period raised to the
power of 0.75. Berry and Crowley (2013) demonstrated that liveweight midway
through the test period raised to the power of 0.75, although similar, is not
mathematically equivalent to the intended representation of MBW, which is:
∑ld=0(liveweight)0.75
l
where l = the length of test, and d = the day of test. Therefore, the most appropriate
method to calculate mid-test MBW is from the intercept and slope of the regression of
all liveweight0.75 observations on days on test for each animal (Basarab et al., 2003;
Crowley et al., 2010). Such an approach should also reduce the influence of
measurement error associated with gut-fill in the derivation of MBW (Basarab et al.,
2003).

Figure 1.5. Plot of actual feed intake against feed intake predicted from maintenance
and growth based on simulated data for 100 cattle. Points below the regression line are
cattle that eat less feed than expected, while cattle above the regression line eat more
than expected.
Residual Gain (RG), also described by Koch et al. (1963), is very similar to
RFI but is defined as the residuals from a multiple linear regression of ADG on MBW
and feed intake so that improved RG is associated with faster growth rates on average,
i.e., cattle with a higher RG grow faster than expected.
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Residual gain is calculated as:
RG = ADG − (β1 DMI + β2 MBW)
where RG = residual gain, ADG = average daily gain, β1 and β2 are partial regression
coefficients, DMI = daily dry matter intake, and MBW = metabolic liveweight. Koch
et al. (1963) actually favoured RG over RFI as a measure of feed efficiency in cattle,
as RG was considered a more accurate mathematical description of the cause and effect
relationship between growth and feed intake.
Basarab et al. (2003) further extended the definitions of RFI and RG by
suggesting that ultrasound measures of body fat composition should be included as an
energy sink in the regression model for both traits. In the case of RFI, on average,
animals depositing proportionally more protein than fat for the same ADG will be
deemed more efficient. In addition, Savietto et al. (2014) advised that the two-way
interactions between measures of body fat with both ADG and MBW should also be
included in the regression model to derive RFI to account for the multiplicative effects
between body composition and both growth and maintenance. Such approaches would
make RFI independent of body composition so that leaner animals would not be
considered more feed efficient merely from the fact that they vary from their
contemporaries in the level of body fat (Basarab et al., 2003).
In growing cattle, the energy sinks of ADG and MBW can account for
approximately 61 to 67% of the phenotypic variation in feed intake (Lancaster et al.,
2009b; Carstens and Tedeschi, 2006). The inclusion of measures of body composition
in the regression model can explain an additional 2 to 4% of variation between animals
(Basarab et al., 2003; Arthur et al., 2003). Similarly, feed intake and MBW explain
between 48 and 52% of the variability in ADG in bulls (Crowley et al., 2010; Taussat
et al., 2019), but the variability in ADG explained by body composition has not yet
been reported for growing cattle. Several studies have also investigated the inclusion
of feeding behaviour traits in the multiple regression model for RFI in order to account
for unexplained variation in feed intake (Durunna et al., 2011b; Basarab et al., 2003).
In growing cattle, the number of feed events per day (i.e., the number of times an
animal fed at feed bunk) accounted for an additional 5.7 to 6% of the variability in
feed intake above that already explained by ADG, MBW, and body composition
(Durunna et al., 2011b; Herd et al., 2019). Herd and Arthur (2009) reported that
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approximately 2% of the variation in RFI in growing cattle can be explained by the
differences in feeding patterns between individual animals.
As highlighted by Berry and Crowley (2012), acceptance of RFI and RG as
efficiency traits may be hindered as animals efficient for RFI could be slower growing,
and, similarly, animals efficient for RG could be eating more than their lower RG
counterparts. Therefore, the authors proposed that residual intake and gain (RIG)
which is a linear amalgamation of RFI and RG and thus combines the advantages of
both traits. Residual intake and gain is calculated as:
RIG = RG - RFI
where both RFI and RG are first standardized to have equal variances. Thus, RIG is a
unitless metric and animals with more positive values for RIG are considered more
efficient. Cattle excelling for RIG during the finishing period were shown to both eat
less per day and grow faster than cattle superior for either RFI or RG (Berry and
Crowley, 2012). Improvements in this trait should be a closer reflection of lifetime
efficiency via its dual objective of eating less per day and for fewer days, thereby
alleviating the apparent shortcomings of both RFI and RG.
1.6 Definitions of Feeding Behaviour
Many feeding behaviour traits have been described in the cattle literature and
they can be largely divided into: 1) feeding behaviour derived from individual feed
events to the feed bunk (Friggens et al., 1998), and 2) feeding behaviour derived from
objectively clustering individual feed events into meals (Tolkamp et al., 1998). A feed
event is considered to start when the animal first inserts its head past the feed bunk
sensor and ends when it removes its head from the feed bunk (Basarab et al., 2002;
Friggens et al., 1998).
1.6.1 Feeding behaviour from feed events
Traditional feeding behaviour traits are generally defined using feed events; a
summary of the description and definition of common traditional feeding behaviour
traits in the cattle literature is outlined in Table 1.2.
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Table 1.2. Description, definition, and the unit of common feeding behaviour traits
derived from feed events in the cattle literature.
Trait

Definition

Unit1

Feed event
duration

Time between the start time and end time of an
individual visit to the feed bunk where feed was
consumed

unit of time/feed
event

Feed event size

Quantity of feed consumed in each feed event at the
feed bunk

kg or energy
unit/feed event

Feeding time
per day

Sum, per day, of each feed event duration

unit of time/day

Feeding
frequency

Total number of feed events per day where feed was
consumed

n/day

Feeding rate

Total feed intake per day divided by the feeding
time per day

kg or unit of
energy/unit of
time

Time between
feed events

Time interval between the end of one feed event and
the start of the next feed event.

unit of time

1

Units of time include seconds, minutes, or hours.

1.6.2 Feeding behaviour from meals
Tolkamp et al. (1998) demonstrated that cattle often consume feed throughout
the day in ‘bouts’ or ‘meals where individual feed events within a day appear to cluster
together. Meals include time spent feeding and not feeding and are separated from one
another based on a specific length of time between consecutive feed events, or meal
cut-off time [often called a meal criterion in the literature; Tolkamp and Kyriazakis
(1999a)]. A new meal is considered to have begun if the time interval between
consecutive feed events exceeds the meal cut-off time threshold, as shown in Figure
1.6.

Figure 1.6. A graphical description of the definition of a meal. Each box denotes an
individual feed event and its duration, the time beneath separates feed events, and the
dashed arrow denotes that the two meals are separated by a meal cut-off time of 15
minutes.
Tolkamp and Kyriazakis (1999a) made a comparison of several methods to
objectively estimate this meal cut-off time threshold, including fitting two intersecting
18

lines, both with negative slopes (i.e., ‘broken-stick’ method) to: 1) the frequency
distribution; 2) the loge-transformed cumulative frequency distribution; and 3) the
loge-transformed frequency distribution, of time intervals between feed events. The
fourth method involved fitting a mixture distribution to the frequency distribution of
loge-transformed time intervals between feed events (Tolkamp and Kyriazakis, 1999a;
1999b). For methods one, two, and three, the meal cut-off time is estimated as the time
interval at the intersection of the two lines (Tolkamp and Kyriazakis, 1999a). For
method four, the meal cut-off time is estimated as the intersection of the last two
distributions within the mixture distribution (Tolkamp and Kyriazakis, 1999a).
Method four is considered to be the most biologically appropriate method by
Tolkamp and Kyriazakis (1999a), as it is based on the concept of satiety whereby the
probability of an animal starting a new meal increases as the time since the end of the
last meal increases. Yeates et al. (2001) recommended the fitting of a Gaussian
distribution to the first distribution of observed intervals, which represents the time
between feed events within a meal, and a Weibull distribution to the second
distribution of observed intervals, which represents the time intervals between meals,
in the mixture distribution. Furthermore, depending on the nature of the data being
analysed, and the model fit, either a Gaussian or a Weibull distribution may be fitted
to a distribution population of observed intervals which is considered to represent time
intervals within meals, where cattle briefly left the feed bunk to go to the water trough
(Yeates et al., 2001). A separate meal cut-off time may be calculated for each
individual animal (Parsons et al., 2020; Yeates et al., 2001), or a single meal cut-off
time calculated at a population level from the pooled time intervals (Yeates et al., 2001;
Marie-Etancelin et al., 2019). The latter approach is popular in cattle as often a mixture
distribution cannot be fitted to the loge-transformed time interval frequency
distribution for every individual animal (Marie-Etancelin et al., 2019; Lancaster et al.,
2009b). Nonetheless, Howie et al. (2009) demonstrated that the differences in meal
characteristics from multiple species, including cattle, were biologically very small,
irrespective of whether meal cut-off time was estimated at the level of the individual
animal or the population as a whole. The description and definition of common feeding
behaviour traits at the meal level in the cattle literature is presented in Table 1.3.
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Table 1.3. Description, definition, and the unit of common feeding behaviour traits
derived from meals in the cattle literature.
Trait

Definition

Unit1

Meal duration

The time between the start time and end time of an
individual meal

unit of
time/meal

Meal size

The quantity of feed consumed in each meal

kg or energy
unit/meal

Meal time per day

The sum, per day, of each meal duration

unit of
time/day

Meal frequency

The total number of meals per day

n/day

Feed events per
meal

The average number of feed events that constitutes
a meal

n/meal

Time between
meals

The time between the end of one meal and the start
of the next meal

unit of time

1

Units of time include seconds, minutes, or hours.

1.7 Feed Intake and Feed Efficiency Parameters
1.7.1 Genetic parameters
Genetic and phenotypic variability has been documented in all measures of
feed efficiency in growing cattle (Berry and Crowley, 2013). The review of the
genetics of a range of feed efficiency traits in growing cattle by Berry and Crowley
(2013) was expanded to also include relevant studies published since 2013. A
summary of the breeds, country, and number of animals for each of the studies on the
genetics of feed intake and feed efficiency in growing cattle published since 2013 is in
Table 1.4.
The range of heritability estimates from the literature for ADG, feed intake,
and different feed efficiency traits in growing cattle is shown in Figure 1.7. Heritability
estimates for different feed efficiency metrics across different breeds and countries
range from 0.06 [FCR; Robinson and Oddy (2004)] to 0.68 [RFI; Mao et al. (2013)].
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Table 1.4. Summary of the breeds, sex, country and number of animals in a range of
studies on the genetics of feed intake and feed efficiency in growing cattle published
since 2013.
Breeds1

Animals, n
1,585 to
4,026

Reference

Canada

851

Durunna et al. (2013)

Australia
South Africa
Canada
Canada

842
3,331
551
417

Lin et al. (2013)
MacNeil et al. (2013)
Mao et al. (2013)
Mao et al. (2013)

Brazil

678

Grion et al. (2014)

Brazil

911 to
1,008

Santana et al. (2014)

Brazil

955

Ceacero et al. (2016)

Australia

1,043

Donoghue et al. (2016)

Canada
USA
USA

1,297
3,212
2,394

Mu et al. (2016)
Retallick et al. (2017)
Retallick et al. (2017)

Brazil

2,058

Polizel et al. (2018)

Japanese Black

Heifers
Bulls
Steers
Steers
Bulls and
heifers
Bulls and
steers
Bulls and
heifers
Bulls and
heifers
Heifers
Steers
Heifers
Bulls and
heifers
Steers

Japan

AN

Steers

Australia

CH
CH
Crossbred
Crossbred
Senepol

Bulls
Bulls
Heifers
Heifers
Heifers

France
France
USA
Canada
Brazil

4,559
1,998 to
3,513
4,675
1,477
719
1,394
1,393

Takeda et al. (2018)
Torres-Vázquez et al.
(2018)
Taussat et al. (2019)
Taussat et al. (2019)
Freetly et al. (2020)
Olson et al. (2020a)
Novo et al. (2021)

Multibreed
AN and CH
sired
Holstein
Bonsmara
AN
CH
Nellore
Nellore
Nellore
AN
AN, SI, CH, PI
Crossbred
Crossbred
Nellore

Sex
Bulls, steers,
heifers

Country

Steers

Australia

1

AN = Angus; CH = Charolais; SI = Simmental; PI = Piedmontese.

.
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Bolormaa et al. (2013)

Figure 1.7. Box plot of the heritability estimates for the main feed intake and feed
efficiency traits in growing cattle. The number of heritability estimates in the cattle
literature for each trait was 56, 45, 47, 9, 5, 6, and 5 for feed intake, FCR, RFI, RG,
RIG, RGR, and KR, respectively.
Similar to Berry and Crowley (2013), a meta-analysis of published genetic
parameters for several feed intake and feed efficiency traits in growing cattle was
conducted. The pooled heritability for each trait across the relevant studies was defined
as (Koots et al., 1994a):
∑𝑛𝑖=1
2
ℎ𝑝𝑜𝑜𝑙𝑒𝑑
=

ℎ𝑖2
(𝑆𝐸ℎ2 )

2

𝑖

∑𝑛𝑖=1

1
(𝑆𝐸ℎ2 )

2

𝑖

and the standard error of the pooled heritability was defined as (Koots et al., 1994a):
2
𝑆𝐸(ℎ𝑝𝑜𝑜𝑙𝑒𝑑
)=

1
√∑ 𝑛

𝑖=1

ℎ𝑖2

2

(𝑆𝐸ℎ2 )
𝑖

where h2 = heritability and SE = standard error. The pooled heritability estimate (± SE)
was 0.42 ± 0.009, 0.23 ± 0.011, 0.35 ± 0.011, 0.24 ± 0.023, 0.28 ± 0.029, 0.28 ± 0.025,
and 0.27 ± 0.029 for feed intake, FCR, RFI, RG, RIG, RGR, and KR, respectively.
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1.7.3 Relationships among performance and feed efficiency traits
Similar to the meta-analysis of heritability estimates herein, the pooled
phenotypic and genetic correlations among a range of performance and feed efficiency
traits in growing cattle reported by Berry and Crowley (2013) were recalculated within
a meta-analysis to include correlations from the relevant studies in growing cattle
published since 2013. Pooled correlations across a range of studies in growing cattle
were calculated using the approach of Koots et al. (1994b), except that the actual
published standard error of the genetic correlation was used instead of the approximate
standard error using information of the number of sires in the analysis (Berry and
Crowley, 2013). Firstly, the genetic correlation from each study (rgi) was transformed
to an approximate normal scale using Fisher’s r-to-Z transformation (Fisher, 1921).
The pooled transformed Z-score was calculated as:
𝑍𝑖
(𝑆𝐸𝑟𝑔𝑖 )2
=
1
∑𝑛𝑖=1
(𝑆𝐸𝑟𝑔𝑖 )2
∑𝑛𝑖=1

𝑍𝑝𝑜𝑜𝑙𝑒𝑑

which was then back-transformed to the pooled genetic correlation (𝑟̅𝑔 ). The standard
error of the pooled genetic correlation was estimated as:
SE (𝑟̅𝑔 ) = √

1

1
∑𝑛
𝑖=1)(𝑟 )2
𝑔𝑖

For the phenotypic correlations (rp), the same approach was used but as the SE
is not always provided for phenotypic correlations in the cattle literature, the SE of
each phenotypic correlation was estimated as (Koots et al., 1994b):
1

SE (𝑟̅𝑝 ) = √(𝑛−2)
where n = the number of animals used in the estimation of each phenotypic correlation.
The pooled phenotypic and genetic correlations among the primary
performance and feed efficiency in growing cattle across a range of studies is presented
in Table 1.5. Feed intake was generally phenotypically positively associated with
ADG, liveweight, FCR, and RFI, while it was phenotypically negatively associated
with RIG and RGR. As would be expected, due to the properties of least squares
regression, ADG and liveweight were not phenotypically associated with RFI.
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Similarly, feed intake and liveweight were not phenotypically associated with RG.
There were strong pooled phenotypic correlations between ADG and FCR, RGR, and
KR (pooled phenotypic correlations of -0.67, 0.71, and 0.81). Cattle that were more
efficient in terms of RFI were also considered efficient in terms of RG and RIG; RFI
was not phenotypically correlated with RGR or KR. Similar trends to the pooled
phenotypic correlations calculated herein were observed in the mean performance of
cattle ranked for efficiency. Lancaster et al. (2009a) and Basarab et al. (2003) both
demonstrated that cattle ranked efficient in terms of RFI had lower daily feed intake
and also a lower FCR value.
Feed intake was strongly genetically correlated with ADG and liveweight with
pooled genetic correlations of 0.74 ± 0.02 and 0.74 ± 0.01, respectively. Similar to the
respective phenotypic correlations, according to the pooled genetic correlations, RFI
was not genetically associated with its component traits of ADG and liveweight.
However, the genetic correlations of RFI with ADG and liveweight did range from 0.15 (Rolfe et al., 2011) to 0.66 (Mao et al., 2013), and -0.20 (Grion et al., 2014) to
0.33 (Lancaster et al., 2009a), respectively. There were strong pooled genetic
correlations (± SE) of -0.93 ± 0.01, -0.96 ± 0.01, -0.85 ± 0.03, and -0.78 ± 0.03 between
FCR and RG, RIG, RGR, and KR, respectively. Genetic correlations between RFI and
FCR ranged from 0.16 (Jensen et al., 1992) to 0.93 (Lancaster et al., 2009a) with a
pooled genetic correlation of 0.76 ± 0.02. Cattle excelling genetically in feed
efficiency defined using RIG had a lower daily feed intake and grew faster (pooled
genetic correlations of -0.52 ± 0.05 and 0.30 ± 0.05, respectively), thereby,
demonstrating the advantage of combining RFI and RG into one trait. RGR and KR
were genetically very similar traits; genetic correlations between RGR and KR were
close to unity and ranged from 0.96 (Crowley et al., 2010) to 0.99 (Arthur et al.,
2001b).
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Table 1.5. Pooled phenotypic (above diagonal) and genetic (below diagonal; SE in parentheses) between feed intake (FI), average daily gain
(ADG), liveweight (LW), feed conversion ratio (FCR), residual feed intake (RFI), residual gain (RG), residual intake and gain (RIG), relative
growth rate (RGR) and Kleiber ratio (KR) across a range of studies in growing cattle. The range in correlations is summarised in the square brackets
and the superscript beside the genetic correlation denotes the number of studies included in the meta-analysis.
Trait

FI

FI

ADG

LW

FCR

RFI

0.52
[0.28 to 0.73]

0.65
[0.54 to 0.74]

0.19
[-0.14 to 0.48]

0.64
[0.43 to 0.88]

RG

RIG

KR

-0.05
-0.40
0.01
[-0.02 to 0.00] [-0.36 to -0.29] [-0.03 to 0.13]

0.14
[0.09 to 0.32]

0.37
-0.67
0.01
[0.18 to 0.60] [-0.86 to -0.08] [-0.06 to 0.07]

0.80
[0.64 to 0.89]

0.34
[0.36 to 0.41]

0.71
[0.65 to 0.8]

0.81
[0.80 to 0.88]

0.07
0.00
[-0.14 to 0.28] [-0.05 to 0.03]

0.02
[0.00 to 0.07]

0.02
[0.00 to 0.05]

-0.32
[-0.41 to -0.1]

-0.14
[-0.23 to 0.08]

0.74 (0.02)28
[0.34 to 0.90]

LW

0.74 (0.01)17
[0.40 to 0.94]

FCR

0.26 (0.02)26 -0.68 (0.02)23 0.01 (0.04)18
[-0.49 to 0.73] [-0.86 to -0.31] [-0.62 to 0.46]

RFI

0.78 (0.01)32
0.08 (0.03)27 -0.01 (0.03)20
[-0.34 to 0.85] [-0.15 to 0.66] [-0.20 to 0.33]

RG

0.06 (0.05)9
[-0.16 to 0.33]

RIG

-0.52 (0.05)5
0.30 (0.05)5
[-0.35 to -0.14] [0.18 to 0.47]

RGR

-0.18 (0.05)4
[-0.35 to 0.19]

0.71 (0.05)4
-0.39 (0.06)3
-0.85 (0.03)4
-0.17 (0.06)3
[0.49 to 0.86] [-0.55 to -0.01] [-0.90 to -0.56] [-0.56 to 0.21]

0.61 (0.08)1

0.26 (0.12)1

KR

0.08 (0.07)5
[-0.15 to 0.55]

0.82 (0.03)4
[0.75 to 0.91]

0.76 (0.06)1

0.37 (0.11)1
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ADG

0.76 (0.02)15
[0.27 to 0.99]

0.78 (0.02)8
[0.52 to 0.84]

RGR

0.46
-0.94
-0.61
-0.72
-0.76
[0.34 to 0.76] [-0.99 to -0.71] [-0.66 to -0.66] [-0.76 to -0.64] [-0.80 to -0.67]
0.76 (0.02)25
[0.16 to 0.93]

-0.33
-0.81
0.00
0.00
[-0.40 to 0.29] [-0.85 to -0.81] [-0.03 to 0.02] [-0.04 to 0.01]

0.16 (0.08)4
-0.93 (0.01)6
-0.35 (0.05)7
[0.06 to 0.30] [-0.99 to -0.76] [-0.86 to -0.13]

0.83
[0.84 to 0.85]

0.16 (0.08)3
-0.96 (0.01)3
-0.85 (0.02)3
0.80 (0.03)3
[0.11 to 0.28] [-0.96 to -0.80] [-0.87 to -0.83] [0.75 to 0.83]

-0.07 (0.07)3
-0.78 (0.03)4
-0.19 (0.07)3
[-0.34 to 0.15] [-0.88 to -0.74] [-0.40 to 0.15]

0.65

0.72

0.36

0.41
0.95
[0.74 to 0.97]

0.98 (0.01)3
[0.96 to 0.99]

1.7.4 Relationships between performance, feed efficiency, and carcass traits
The pooled phenotypic correlations between performance and efficiency traits
and several pre-slaughter ultrasound and post-slaughter carcass traits are shown in
Table 1.6. Carcass traits reviewed included measures of scanned lean and fat on live
animals, as well as carcass weight and measures of carcass conformation and carcass
fat. Although there few reported in the cattle literature, correlation estimates of
performance and feed efficiency with dressing percentage (i.e., carcass weight divided
by pre-slaughter liveweight) were also reviewed. A greater feed intake, faster growth
rate, or heavier liveweight was phenotypically associated with a greater lean cover and
greater fat depth in live animals, as well as a greater conformation and fat cover on the
carcass. The phenotypic correlations between feed intake, growth rate and liveweight
with carcass weight were all positive, with pooled phenotypic correlations of 0.59,
0.42, and 0.74, respectively. The pooled phenotypic correlations between measures of
feed efficiency and carcass traits were generally weak, although there was some
variation between studies in reported correlation estimates. For example, phenotypic
correlations between RFI and carcass weight ranged from 0.01 (Mader et al., 2009) to
0.26 (Nkrumah et al., 2007a). Additionally, apart from the relationships between RFI
and FCR with ultrasound lean and fat, the number of studies in cattle reporting
phenotypic correlations between feed efficiency traits and carcass traits are
comparatively few. Phenotypic correlations of RIG with carcass weight, carcass fat,
and dressing percentage were not evident in the cattle literature.
The pooled genetic correlations between performance and efficiency traits and
several pre-slaughter ultrasound and post-slaughter carcass traits are shown in Table
1.7. Similar to the respective phenotypic correlations, on average, feed intake, growth
rate, and liveweight were all positively genetically associated with ultrasound lean and
fat, carcass weight, and carcass conformation and fat. Genetic correlations between
feed intake and ultrasound lean or ultrasound fat ranged from -0.37 (Santana et al.,
2014) to 0.64 (Mao et al., 2013), and from -0.11 (Elzo et al., 2010) to 0.61(Robinson
and Oddy, 2004), respectively. On average, cattle excelling genetically in efficiency
in terms of FCR were superior for all of ultrasound lean, carcass weight and
conformation, or dressing percentage (pooled genetic correlations of -0.39 ± 0.05, 0.40 ± 0.06, -0.23 ± 0.07, and -0.41 ± 0.13 respectively). Such correlations imply that
selection alone for improved FCR would improve muscularity and carcass weight, or
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vice versa, although considerable variation was observed between some studies in
reported genetic correlations. Hoque et al. (2009) and Nkrumah et al. (2007a) reported
genetic correlations of -0.72 and 0.54, respectively between FCR and ultrasound ribeye
area. There was also considerable variation in the genetic correlations between RFI
and the ultrasound and carcass traits, which contributed to the weak estimated pooled
genetic correlations. Nkrumah et al. (2007a) and Mao et al. (2013) estimated genetic
correlations of -0.52 and 0.31, respectively, between RFI and ultrasound ribeye area,
while Hoque et al. (2006) and Robinson and Oddy (2004) reported genetic correlations
of -0.30 and 0.50, respectively, between RFI and ultrasound fat depth. Similarly,
genetic correlations between RFI and carcass weight, carcass conformation, and
carcass fat in cattle ranged from -0.60 (Hoque et al., 2006) to 0.42 (Torres-Vázquez et
al., 2018), from -0.64 (Nkrumah et al., 2007a) to 0.29 (Bouquet et al., 2010), and from
-0.37 (Jensen et al., 1992) to 0.42 (Mao et al., 2013), respectively.
The lack of consistency across all studies in the reported relationships between
feed efficiency and carcass traits may be influenced by differences in animal breed,
sex, age at time of testing, and genotype by environment interactions. For example, in
the studies of Hoque et al. (2006; 2009) genetic relationships were estimated between
the feed intake and feed efficiency of Wagyu sires and the carcass merit of their
progeny, while the breeds included in the study of Bouquet et al. (2010) were Blonde
d’Aquitaine and Limousin. As concluded by Berry and Crowley (2013), genetic
relationships between feed intake and efficiency with carcass traits appear to be
population specific, which may be due to variation in the direction and emphasis
placed on carcass performance and fatness in different beef cattle breeding goals
globally (Amer et al., 2001; MacNeil, 2005). Furthermore, several of the studies
reporting genetic correlations between feed efficiency and carcass traits were
conducted on relatively small populations, and, as such, some correlation estimates
have relatively large standard errors. The number of cattle per study surveyed in the
current review ranged from 417 (Nkrumah et al., 2007a) to 4,559 (Takeda et al., 2018)
with a median of 933. Such sampling variation would also partly explain the apparent
inconsistency in genetic correlation estimates between feed efficiency and carcass
traits across the surveyed literature.
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Table 1.6. Pooled phenotypic correlations of feed intake (FI), average daily gain (ADG), liveweight (LW), feed conversion ratio (FCR), residual
feed intake (RFI), residual gain (RG), residual intake and gain (RIG), relative growth rate (RGR) and Kleiber ratio (KR), with pre-slaughter
ultrasound and post-slaughter carcass traits in growing cattle. The range in correlations is summarised in the square brackets and the superscript
beside the correlation denotes the number of studies included in the meta-analysis.
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Trait

Ultrasound lean

Ultrasound fat

Carcass weight

Carcass conformation

Carcass fat

Dressing percentage

FI

0.2913
[-0.08 to 0.57]

0.2614
[0.04 to 0.52]

0.595
[0.49 to 0.72]

0.206
[-0.09 to 0.36]

0.304
[0.02 to 0.40]

0.091

ADG

0.2310
[-0.06 to 0.39]

0.1511
[-0.03 to 0.35]

0.424
[0.31 to 0.43]

0.095
[-0.03 to 0.35]

0.053
[-0.35 to 0.20]

-0.071

LW

0.518
[0.14 to 0.74]

0.329
[-0.11 to 0.63]

0.743
[0.72 to 0.84]

0.364
[-0.11 to 0.54]

0.292
[0.23 to 0.33]

NA

FCR

-0.0312
[-0.19 to 0.17]

0.0313
[-0.07 to 0.25]

-0.085
[-0.14 to 0.15]

0.006
[-0.12 to 0.10]

0.094
[0.02 to 0.38]

0.111

RFI

-0.0113
[-0.27 to 0.14]

0.1114
[-0.05 to 0.26]

0.115
[0.01 to 0.26]

-0.027
[-0.05 to 0.09]

0.125
[0.07 to 0.23]

0.022
[-0.01 to 0.02]

RG

0.013
[-0.03 to 0.07]

-0.053
[-0.10 to 0.02]

0.171

0.042
[0.01 to 0.06]

NA

NA

RIG

-0.013
[-0.05 to 0.01]

-0.013
[-0.08 to 0.03]

NA

0.071

NA

NA

RGR

-0.041

-0.021

NA

NA

NA

NA

KR

0.001

-0.021

NA

NA

NA

NA

NA = not available.

Table 1.7. Pooled genetic correlations (SE in parentheses) of feed intake (FI), average daily gain (ADG), liveweight (LW), feed conversion ratio
(FCR), residual feed intake (RFI), residual gain (RG), residual intake and gain (RIG), relative growth rate (RGR) and Kleiber ratio (KR), with preslaughter ultrasound and post-slaughter carcass traits in growing cattle. The range in correlations is summarised in the square brackets and the
superscript beside the correlation denotes the number of studies included in the meta-analysis.
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Trait

Ultrasound lean

Ultrasound fat

Carcass weight

Carcass conformation

Carcass fat

Dressing percentage

FI

0.35 (0.04)14
[-0.37 to 0.64]

0.32 (0.03)14
[-0.11 to 0.61]

0.73 (0.04)8
[0.002 to 0.87]

0.16 (0.05)8
[-0.23 to 0.47]

0.32 (0.07)6
[0.10 to 0.49]

-0.14 (0.11)2
[-0.21 to -0.09]

ADG

0.24 (0.06)10
[-0.09 to 0.53]

0.14 (0.06)10
[-0.54 to 0.40]

0.66 (0.06)4
[0.22 to 0.90]

0.26 (0.08)5
[0.06 to 0.56]

0.12 (0.12)3
[-0.01 to 0.42]

NA

LW

0.59 (0.05)8
[0.04 to 0.89]

0.25 (0.05)9
[-0.23 to 0.47]

0.81 (0.03)4
[0.08 to 0.90]

0.46 (0.05)5
[-0.05 to 0.74]

0.03 (0.10)3
[-0.17 to 0.54]

NA

FCR

-0.39 (0.05)13
[-0.72 to 0.54]

0.00 (0.04)14
[-0.61 to 0.49]

-0.40 (0.06)9
[-0.69 to -0.26]

-0.23 (0.07)8
[-0.46 to 0.28]

-0.05 (0.09)6
[-0.41 to 0.15]

-0.41 (0.13)2
[-0.56 to -0.11]

RFI

-0.08 (0.04)15
[-0.52 to 0.31]

0.15 (0.03)16
[-0.30 to 0.50]

0.00 (0.04)10
[-0.60 to 0.40]

-0.07 (0.06)9
[-0.64 to 0.29]

0.15 (0.07)7
[-0.37 to 0.42]

0.10 (0.09)3
[-0.18 to 0.29]

RG

0.17 (0.07)4
[-0.08 to 0.24]

-0.02 (0.07)5
[-0.44 to 0.28]

0.29 (0.07)3
[0.27 to 0.33]

0.30 (0.10)3
[0.08 to 0.50]

-0.10 (0.15)1

NA

RIG

0.09 (0.08)4
[-0.23 to 0.11]

-0.06 (0.07)4
[-0.03 to 0.16]

0.10 (0.09)1

0.40 (0.23)1

NA

NA

RGR

0.39 (0.13)2
[-0.23 to 0.56]

-0.31 (0.11)2
[-0.35 to -0.18]

0.17 (0.07)2
[0.16 to 0.18]

0.15 (0.14)1

0.07 (0.15)1

NA

KR

0.81 (0.10)2
[-0.18 to 0.87]

-0.48 (0.08)2
[-0.51 to -0.29]

0.06 (0.08)2
[-0.03 to 0.20]

0.21 (0.14)1

0.07 (0.15)1

NA

NA = not available

1.8 Feeding Behaviour Parameters
1.8.1 Genetic parameters
The number of studies in the cattle literature that have reported genetic
parameters for feeding behaviour traits are relatively small compared to those that have
reported genetic parameters for feed intake and efficiency in growing cattle (Robinson
and Oddy, 2004; Chen et al., 2014; Nkrumah et al., 2007b; Durunna et al., 2013).
Furthermore, the focus on the genetics of feeding behaviour in cattle has, for the most
part, been on feeding time per day, feeding frequency, and feeding rate (Robinson and
Oddy, 2004; Nkrumah et al., 2007b; Olson et al., 2020b; Durunna et al., 2013).
Heritability estimates for several feeding behaviour traits across a range of studies in
growing cattle are summarised in Table 1.8; the heritability estimates for a range of
feeding behaviour traits were generally moderate in magnitude. Heritability estimates
for feeding time per day ranged from 0.18 (Durunna et al., 2013) to 0.50 (Lin et al.,
2013). Similarly, heritability estimates for feeding frequency and feeding rate ranged
from 0.24 (Chen et al., 2014) to 0.46 (Durunna et al., 2013), and from 0.38 (Chen et
al., 2014) to 0.51 (Robinson and Oddy, 2004), respectively. Only two heritability
estimates in cattle exist for each feed event duration and feed intake per feed event
(Table 1.8). The pooled heritability estimates for feeding time per day, feeding
frequency, feeding rate, feed event duration, and feed intake per feed event was 0.33
± 0.026, 0.34 ± 0.028, 0.47 ± 0.038, 0.15 ± 0.045, and 0.40 ± 0.06, respectively. No
heritability estimates for feeding behaviour traits, defined at the meal level, currently
exist in the cattle literature.

30

Table 1.8. Heritability estimates (SE in parentheses) for several feeding behaviour traits for a range of studies in growing cattle across different
countries and breeds, as well as pooled heritability estimates calculated according to Koots et al. (1994a).
Feeding time
per day

Feeding
frequency

Feeding rate

0.36 (0.05)

0.44 (0.07)

0.51 (0.06)

0.33 (0.12)

Feed event
duration

Feed intake per
feed event
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Breed(s)

Country

Animals

Study

Tropically adapted
and temperate

Australia

1,481

Robinson and Oddy
(2004)

0.38 (0.12)

Crossbred

Canada

464

Nkrumah et al. (2007b)

0.18 (0.11)

0.46 (0.16)

Charolais & Angus
sired

Canada

851

Durunna et al. (2013)

0.35 (0.19)

0.26 (0.17)

Charolais & Angus
sired

Canada

851

Durunna et al. (2013)

0.50 (0.09)

0.45 (0.08)

0.46 (0.09)

Holstein

Australia

842

Lin et al. (2013)

0.25 (0.09)

0.24 (0.08)

0.38 (0.10)

0.11 (0.05)

Angus

Canada

551

Chen et al. (2014)

0.38 (0.12)

0.43 (0.11)

0.56 (0.13)

0.29 (0.10)

Charolais

Canada

417

Chen et al. (2014)

0.40 (0.08)

0.27 (0.09)

0.42 (0.09)

Nellore

Brazil

861

Benfica et al. (2020)

0.25 (0.05)

0.27 (0.05)

Crossbred

Canada

1,394

Olson et al. (2020b)

0.33 (0.026)

0.34 (0.028)

0.47 (0.038)

0.48 (0.09)

0.34 (0.08)

0.15 (0.045)

0.40 (0.06)

Pooled heritability estimates

1.8.2 Relationships among feeding behaviours
Pooled phenotypic and genetic correlations among several feeding behaviour
traits in growing cattle are presented in Table 1.9. The pooled phenotypic correlations
among the feeding behaviour traits suggest that cattle that fed for longer each day also
fed at a slower rate, and spent more time feeding in each feed event. A greater feeding
frequency was strongly phenotypically correlated with a shorter feed event duration
[phenotypic correlations of -0.66 and -0.63 (Chen et al., 2014)], and a lower feed intake
per feed event [phenotypic correlation of -0.76 (Lin et al., 2013)]. The pooled genetic
correlations among the feeding behaviour traits were generally of the same sign as the
respective phenotypic correlations. Genetic correlations between feeding time per day
and feeding frequency ranged from -0.12 (Olson et al., 2020b) to 0.47 (Nkrumah et
al., 2007b), with a pooled genetic correlation of 0.08 ± 0.06. Similarly, on average,
feeding rate was not genetically associated with feeding frequency or feed intake per
feed event; however, the genetic correlations between feeding rate and feeding
frequency ranged from -0.34 (Chen et al., 2014) to 0.04 (Robinson and Oddy, 2004).
There are currently no genetic and phenotypic correlations available between feed
intake per feed event and feed event duration in the literature. The direction of the
genetic correlations was generally consistent across studies.
1.8.3 Relationships of feeding behaviour with performance and feed efficiency
A summary of the pooled phenotypic correlations between several feeding
behaviour traits with performance and efficiency traits in cattle is presented in Table
1.10. Many of the pooled phenotypic correlations were weak in magnitude. Cattle that
had a higher daily feed intake fed for longer each day, had a faster feeding rate, a
longer feed event duration, and consumed more in each feed event (Lin et al., 2013;
Chen et al., 2014; Robinson and Oddy, 2004; Montanholi et al., 2010). The pooled
phenotypic correlation between liveweight and feeding rate was 0.25 and ranged from
0.16 (Mendes, 2010) to 0.39 (Chen et al., 2014). Although, on average, the phenotypic
correlations between the feeding behaviour traits and FCR were weak in nature, there
was variation across studies in the correlation estimates. For example, the phenotypic
correlations between FCR and feeding rate ranged from -0.11 (Mendes, 2010) to 0.46
(Montanholi et al., 2010). Better feed efficiency, in terms of lower RFI, was
phenotypically associated with a shorter feeding time per day, less feed events per day,
and a slower feeding rate.
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The pooled genetic correlations between several feeding behaviour traits with
both performance and efficiency traits in growing cattle are shown in Table 1.11.
Relatively fewer studies reported genetic correlations of feeding behaviour with
performance and efficiency compared to the number of studies reporting the respective
phenotypic correlations. This is likely due to the larger number of animal records
required to estimate relatively accurate genetic correlations. The genetic correlations
between feeding behaviour with performance and efficiency were generally greater in
magnitude than the respective correlations. A lower feed intake was genetically
associated with a shorter feeding time per day, a slower feeding rate, and a shorter feed
event duration, but there was no genetic association between feed intake and feeding
frequency. The genetic correlations between ADG and feeding rate ranged from 0.07
in Charolais steers (Chen et al., 2014) to 0.81 in Angus steers (Chen et al., 2014) with
a pooled correlation of 0.50. Genetically heavier cattle had a faster feeding rate with a
pooled genetic correlation of 0.30 between feeding rate and liveweight. FCR was not
genetically correlated with feed event duration, or feed intake per feed event.
Similarly, RFI was not genetically associated with feed intake per feed event. Feeding
rate was strongly genetically correlated with FCR, with a pooled genetic correlation of
-0.78. Conversely, RFI was not genetically associated with feeding rate, but both FCR
and RFI were moderately genetically associated with feeding time per day (pooled
genetic correlations of 0.64 and 0.55, respectively). Genetically more efficient cattle,
in terms of lower RFI, also had fewer feed events per day and had a shorter feed event
duration. Similar to the respective phenotypic correlations, genetic correlations
between liveweight and feed intake per feed event were not reported in the literature
for growing cattle. Considerable variation existed in the genetic correlations between
feeding behaviour and both performance and efficiency across studies in growing
cattle. This might be due to genotype by environment interactions or differences in the
sex of the cattle studied. Sampling variation may also affect the population parameters.
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Table 1.9. Pooled genetic correlations (below the diagonal; SE in parentheses), and pooled phenotypic correlations (above the diagonal) among
several feeding behaviour traits across a range of studies in growing animals. The range in correlations are summarised in square parentheses, and
the superscript beside the genetic correlations denotes the number of correlations estimates from the literature included in the meta-analysis.
Trait

Feeding time per
day

Feeding time per
day

34
NA = not available

Feeding
frequency

Feeding rate

Feed event
duration

Feed intake per
feed event

0.09
[-0.10 to 0.45]

-0.78
[-0.80 to -0.48]

0.39
[0.31 to 0.45]

0.10

0.07
[-0.28 to 0.14]

-0.64
[-0.66 to -0.63]

-0.76

-0.49
[-0.26 to -0.26]

-0.04

Feeding
frequency

0.08 (0.06)6
[-0.12 to 0.47]

Feeding rate

-0.88 (0.02)4
[-0.92 to -0.40]

-0.09 (0.07)4
[-0.34 to 0.04]

Feed event
duration

0.50 (0.13)2
[0.49 to 0.50]

-0.55 (0.12)2
[-0.60 to -0.41]

-0.35 (0.14)2
[-0.38 to -0.29]

Feed intake per
feed event

-0.23 (0.14)1

-0.80 (0.06)1

-0.13 (0.14)1

NA
NA

Table 1.10. Pooled phenotypic correlations between performance and efficiency traits and several feeding behaviour traits across a range of studies
in growing animals. The range in phenotypic correlations are summarised in square parentheses, superscripts denote the number of correlation
estimates from the literature included in the meta-analysis.
Trait1
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FI

ADG

LW

FCR

RFI

Feeding time per
day

0.3212
[0.05 to 0.57]

0.2210
[0.06 to 0.46]

0.164
[-0.12 to 0.21]

-0.014
[-0.18 to 0.14]

0.2511
[0.02 to 0.50]

Feeding
frequency

0.1012
[-0.36 to 0.58]

0.1210
[-0.18 to 0.37]

0.024
[-0.13 to 0.15]

-0.075
[-0.13 to 0.26]

0.1911
[0.05 to 0.60]

Feeding rate

0.267
[-0.08 to 0.63]

0.186
[0.01 to 0.26]

0.254
[0.16 to 0.39]

-0.014
[-0.11 to 0.46]

0.147
[-0.20 to 0.44]

Feed event
duration

0.214
[-0.14 to 0.33]

-0.134
[-0.14 to 0.14]

0.213
[0.15 to 0.25]

0.102
[-0.15 to 0.20]

0.114
[-0.16 to 0.28]

Feed intake per
feed event

0.172
[-0.02 to 0.40]

0.152
[-0.14 to 0.26]

NA

0.122
[0.12 to 0.12]

0.062
[-0.03 to 0.17]

FI = feed intake; ADG = average daily gain; LW = liveweight; FCR = feed conversion ratio; RFI = residual feed intake.
NA = not available.

Table 1.11. Pooled genetic correlations (SE in curved parentheses) between performance and efficiency traits and several feeding behaviour traits
across a range of studies in growing animals. The range in genetic correlations are summarised in square parentheses, and the superscript beside
the genetic correlations denotes the number of correlations estimates from the literature included in the meta-analysis
Trait1
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FI

ADG

LW

FCR

RFI

Feeding time per
day

0.40 (0.05)7
[0.03 to 0.59]

0.16 (0.08)5
[-0.30 to 0.45]

-0.01 (0.09)4
[-0.34 to 0.39]

0.64 (0.12)3
[0.03 to 0.78]

0.55 (0.07)3
[0.01 to 0.79]

Feeding
frequency

-0.07 (0.05)7
[-0.74 to 0.38]

0.06 (0.07)5
[-0.33 to 0.42]

-0.13 (0.09)4
[-0.47 to 0.17]

-0.42 (0.12)3
[-0.74 to 0.49]

0.22 (0.07)3
[-0.34 to 0.43]

Feeding rate

0.23 (0.06)5
[-0.06 to 0.50]

0.50 (0.08)4
[0.07 to 0.81]

0.33 (0.08)3
[0.29 to 0.40]

-0.78 (0.13)2
[-0.83 to -0.34]

-0.08 (0.08)2
[-0.53 to 0.10]

Feed event
duration

0.39 (0.09)3
[-0.26 to 0.56]

0.02 (0.11)3
[-0.37 to 0.30]

-0.02 (0.18)2
[-0.46 to 0.40]

0.12 (0.25)1

0.48 (0.11)3
[0.09 to 0.68]

Feed intake per
feed event

0.38 (0.09)2
[0.18 to 0.49]

0.62 (0.12)1

NA

-0.12 (0.28)1

0.16 (0.12)2
[-0.06 to 0.42]

FI = feed intake; ADG = average daily gain; LW = liveweight; FCR = feed conversion ratio; RFI = residual feed intake.
NA = not available

1.8.4 Relationships of feeding behaviour derived from meals with performance and
efficiency traits
No genetic correlations involving feeding behaviour traits defined at the meal
level have previously been reported for growing cattle. Similarly, there are currently
no phenotypic correlations reported in the literature among the meal feeding behaviour
traits. However, the pooled phenotypic correlations of meal feeding behaviour with
feed intake ADG, FCR and RFI are summarised in Table 1.12. Cattle that had a higher
feed intake per day had longer daily meal times, more meals per day, a longer meal
duration, and a greater feed intake per meal. A faster growth rate was phenotypically
associated with a longer meal duration and a larger feed intake per meal. The
phenotypic correlations between FCR and RFI with meal feeding behaviour were
generally weak in magnitude although more efficient animals (i.e., lower RFI or lower
FCR) had a shorter meal time per day, less meals per day, and a smaller feed intake
per meal. There was also considerable variation in some of the correlation estimates
from different cattle populations, which may have contributed to the weak pooled
correlations. For example, the correlations between meal frequency and ADG ranged
from -0.23 (Schwartzkopf-Genswein et al., 2011) to 0.42 (McGee et al., 2014).
Mendes (2010) is the only study in cattle found which reports phenotypic correlations
between the number of feed events that make up a meal and performance and feed
efficiency traits. Therein, the authors report phenotypic correlations of 0.30, 0.09, 0.03, and 0.24 between feed events per meal and feed intake, ADG, FCR, and RFI,
respectively.
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Table 1.12. Pooled phenotypic correlations between performance and efficiency traits
and several meal feeding behaviour traits across a range of studies in growing animals.
The range in phenotypic correlations are summarised in square parentheses, and the
superscript beside the correlations denotes the number of correlations estimates from
the literature included in the meta-analysis.
FI

ADG

FCR

7

7

RFI

Trait1
Meal time
per day

0.29
[0.20 to 0.42]

0.15
[-0.22 to 0.36]

0.14
[-0.05 to 0.54]

0.224
[0.02 to 0.41]

Meal
frequency

0.1010
[-0.06 to 0.42]

0.0210
[-0.23 to 0.42]

0.1310
[-0.19 to 0.59]

0.127
[-0.12 to 0.26]

Meal
duration

0.207
[0.14 to 0.41]

0.187
[0.13 to 0.32]

-0.017
[-0.12 to 0.04]

-0.055
[-0.15 to 0.12]

Feed intake
per meal

0.563
[0.02 to 0.75]

0.193
[-0.07 to 0.38]

0.273
[-0.04 to 0.41]

0.184
[0.02 to 0.52]

Feed events
per meal

0.301

0.091

-0.031

0.241

7

1

FI = feed intake; ADG = average daily gain; FCR = feed conversion ratio; RFI = residual feed intake.

1.8.5 Relationships between feeding behaviour and carcass traits
Few studies have reported relationships between several feeding behaviour and
carcass traits in growing cattle. Robinson and Oddy (2004) reported phenotypic and
genetic correlations of 0.05 and -0.32, respectively, between feed events per day and
ultrasound ribeye area in temperate and tropically adapted cattle. Chen et al. (2014)
estimated a genetic correlation of 0.44 between feeding rate and carcass weight in 551
purebred Angus steers. In addition, Nkrumah et al. (2007b) estimated phenotypic and
genetic correlations of 0.14 and 0.64, respectively, between feeding time per day and
carcass fat in 464 crossbred steers. Nonetheless, the genetic correlations between
feeding behaviour traits and both pre-slaughter ultrasound and post-slaughter carcass
traits reported in the cattle literature suffer from a lack of precision due to relatively
large standard errors (Nkrumah et al., 2007b; Robinson and Oddy, 2004; Chen et al.,
2014). Genetic correlations between feeding behaviour defined using meals and
carcass or ultrasound traits are currently lacking in the literature
1.9 Gaps in Knowledge
Given the importance of carcass traits in beef cattle breeding goals globally
(Amer et al., 2001; Ochsner et al., 2017), several of the genetic relationships between
feed efficiency and carcass traits suffer from a lack of consistency and precision across
the literature. On average, the number of records within such studies was relatively
small, thus, contributing to the lack of precision. Also, phenotypic and genetic
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correlations between some feed efficiency traits and carcass traits were missing from
the cattle literature. Furthermore, although producers generally receive little to no
tangible value from the differential between carcass weight and liveweight preslaughter (i.e., dressing difference), the cost, including feed resources, of growing this
additional weight is still borne by the producer (Coyne et al., 2019). Therefore, cattle
with a higher dressing percentage could be considered more carcass efficient.
Nonetheless, the associations between feed efficiency and carcass efficiency (i.e.,
dressing percentage) is not fully characterized in growing cattle. Knowledge of such
relationships would aid the selection of truly production efficient cattle. Genetic
correlations between feed efficiency and carcass efficiency on a sufficiently large
cattle population, ideally where both sets of traits are measured on the same animal,
would help in the precision and, thus, confidence of such relationships. This gap in
knowledge will be addressed in Chapter 2 which demonstrates that selection on any of
the derived RFI traits will increase carcass weight, reduce the dressing difference, and
increase dressing percentage. The ability to convert feed into liveweight gain does not
necessarily equate to carcass gain, and as such, the RFI traits derived in Chapter 2
provide a better description of production efficiency for beef cattle.
While the importance of improving feed efficiency in cattle populations is
obvious, there remains no consensus on how best to include feed efficiency,
specifically RFI, in (cattle) breeding goals. Both Kennedy et al. (1993) and Van der
Werf (2004) demonstrated the mathematical equivalence of including RFI or its
component traits (i.e., feed intake, MBW, and ADG) in a selection index, assuming
there were no fixed effects in the regression model. Berry and Pryce (2014) outlined
several advantages and disadvantages to including RFI or feed intake in a cattle
breeding goal; for example, feed intake is simple to understand but more efficient
animals are more difficult to readily identify, whereas RFI could contribute to faster
genetic gain in feed efficiency but is technically difficult to explain. Nonetheless, the
equivalence of including RFI or feed intake in a breeding goal has not been
phenotypically validated previously in cattle. This gap in knowledge will be addressed
in Chapter 3, where it was demonstrated the beef terminal index used in Ireland has
enabled the breeding of more feed efficient cattle, even when RFI has not been
explicitly included in the index itself. Results from Chapter 3 will be useful to quantify
the benefits of selection for feed and production efficiency when using a total merit
index. Such insights should help instil industry confidence in the contribution of
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genetic selection to generation-on-generation improvements in individual animal
performance and efficiency.
Economic selection indexes are designed to enable the selection of more
profitable animals, therefore, not only do such selection indexes need to be
phenotypically validated for feed efficiency and production, they must be validated for
profit also. A comprehensive validation of a selection index for profit should provide
confidence back to industry stakeholders as to the expected change in profit with
improving genetic merit. Beef cattle breeding goals have been validated for profit at
the animal level using both data from experimental herds (Clarke et al., 2009b) and
from national databases (Connolly et al., 2016). At the herd-level, Ramsbottom et al.
(2012) demonstrated that spring calving herds excelling in dairy genetic merit were
more profitable, however, no such validation of genetic merit and profit at the herdlevel has been undertaken in beef herds. This gap in knowledge will be addressed in
Chapter 4. Results at herd-level from Chapter 4 corroborate previous validation at the
animal-level that herds superior for the Irish terminal and maternal indexes generate
more gross profit, thereby instilling further confidence among relevant industry
partners as to the sustainable gains in profitability achievable through breeding
programs.
Accurate measurements of feed intake in cattle are still required regardless for
whether it is feed intake or RFI that is included in a breeding goal; the measurement
of feed intake is expensive and labour intensive and thus not very appropriate to collect
in commercial beef herds. The development and integration of sensor technologies in
animal agriculture (i.e., precision farming) is continuously gaining traction (Halachmi
et al., 2019), and so the collection of feeding behaviour may become more
commonplace in the monitoring of animal welfare and production (Kayser et al.,
2019). Evidenced by the phenotypic variation in feed intake explained by feeding
behaviour (Durunna et al., 2011b), as well as the phenotypic and genetic relationships
between feed intake, feed efficiency, and feeding behaviour (Robinson and Oddy,
2004; Nkrumah et al., 2007b; Benfica et al., 2020), some feeding behaviours may serve
as useful predictors of genetic merit for feed intake and efficiency. Nonetheless, a
small number of studies have investigated the phenotypic and genetic relationships
between feed intake and feed efficiency with feeding behaviour in cattle, and these
have generally been confined to a limited number of feeding behaviour traits. This gap
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in knowledge will be addressed in Chapters 5 and 6 where phenotypic and genetic
variation in a plethora of feeding behaviour traits were confirmed in the largest such
study to date in cattle. Genetic parameters are also usually population specific, and the
genetic parameters of feeding behaviour traits have not been determined in Irish
growing cattle; no genetic parameters exist for feeding behaviour defined at the meal
level. Additionally, the usefulness of feeding behaviour traits in predicting genetic
merit for feed intake in cattle has not yet been explored; this is particularly important
as genetic correlations are usually stronger than the respective phenotypic correlations
and so feeding behaviour may be more useful predictors at the genetic versus the
phenotypic level. These gaps in knowledge will be addressed in Chapters 6 and 7.
Results from Chapter 6 and 7 have shown that considerable genetic variation exists in
the feeding behaviour of cattle, some of which are correlated with feed intake
liveweight, feed efficiency and carcass merit; however, the usefulness of feeding
behaviour as proxy traits for feed intake at the genetic level was marginal.
1.10 Future Prospects
While this review was focused on growing and finishing cattle destined for
slaughter, the mature beef cow consumes a considerable component of feed in beef
production systems. The few studies on the genetics of feed efficiency in mature beef
cows to date have largely been in dry cows fed a total mixed ration post-weaning
(Freetly et al., 2020; Archer et al., 2002), whereas the majority of a beef cow diet is
grazed pasture when the cow may be lactating. The difficulty is that the collection of
feed intake phenotypes at pasture, using the common n-alkane technique (Mayes et al.,
1986), is costly, time consuming, and labour intensive. Therefore, data sets with a
sufficient number of feed intake records of beef cows at grass, for the estimation of
reasonably accurate genetic parameters, are rare or non-existent. The establishment of
pooled international datasets of feed intake records (Berry et al., 2014) in conjunction
with the use of genomic information (Bolormaa et al., 2013) may help accelerate the
breeding of more feed and production efficient beef cows. The approach of pooling
international datasets and utilising genomic information could be also be applied to
growing and finishing cattle fed at pasture as usually herbage feed intake records for
this cohort are rare or too small to enable the estimation of genetic parameters at
present.
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The collection of feed intake data at pasture is labour and resource intensive
task, therefore, data on suitable proxy traits, such as pasture feeding behaviour, may
be very useful. While feeding behaviour in a feedlot setting can be recorded by just
placing a sensor at the feed bunk and RFID tag in the animal’s ear, grazing feeding
behaviour is more complicated to record. Within research herds, apparatus such as the
RumiWatch system (Werner et al., 2018), which uses a 3-axis accelerometer and
pressure sensor strapped to the nose of the animal to record jaw movements, may be
used to measure grazing behaviour. In a study of 70 steers, Lahart et al. (2020) reported
phenotypic correlations of 0.38 and 0.25 between grazing bouts and bite rate with feed
intake, respectively, where grazing bouts and bite rate were estimated from
RumiWatch system and feed intake was estimated from the n-alkane technique. These
apparatuses still require routine inspection to ensure proper function, however, and are
not necessarily a ‘silver bullet’. Similar to the collection of feeding behaviour data
indoors in a feedlot setting, a sufficiently large enough number of grazing behaviour
records on individual animals are required to estimate genetic parameters, and to
therefore accurately quantify the predictive ability of grazing behaviour for feed
intake. If successful, such grazing behaviour technology could aid the generation of
reasonably accurate genetic evaluations for pasture feed intake and feed efficiency
traits, and thereby complement the aforementioned strategies of pooling international
datasets (Berry et al., 2014), and utilising genomic information (Bolormaa et al., 2013).
The development and integration of sensor technologies into agriculture (i.e.,
precision agriculture) would be expected to improve the collection of animal level
data. A large amount of data is generated from sensor technologies employed in
livestock farming and one of the major challenges is developing actionable solutions
from the raw data (Halachmi et al., 2019). Even if measurements from these sensor
technologies were subject to some degree of error, as long as these measurements were
consistent in the ranking of animals, then they may be useful in genetic evaluations.
The utilisation of such technology should increase the potential number of animals
measurable thereby increasing the precision of genetic parameters and the accuracy of
genetic evaluations. They could also potentially reduce the human labour requirement
associated with measurement also thus reducing the long-term cost of each
measurement.
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Chapter 2: Feed efficiency and carcass metrics in
growing cattle
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2.2 Abstract
Some definitions of feed efficiency such as residual energy intake (REI) and
residual gain (RG) may not truly reflect production efficiency. The energy sinks used
in the derivation of the traits include metabolic liveweight; producers finishing cattle
for slaughter are, however, paid on the basis of carcass weight, as opposed to
liveweight. The objective of the present study was to explore alternative definitions of
REI and RG which are more reflective of production efficiency, and quantify their
relationship with performance, ultrasound, and carcass traits across multiple breeds
and sexes of cattle. Feed intake and liveweight records were available on 5,172
growing animals, 2,187 of which also had information relating to carcass traits; all
animals were fed a concentrate-based diet representative of a feedlot diet. Animal
linear mixed models were used to estimate (co)variance components. Heritability
estimates for all derived REI traits varied from 0.36 (REICWF; REI using carcass weight
and carcass fat as energy sinks) to 0.50 (traditional REI derived with the energy sinks
of both liveweight and ADG). The heritability for the RG traits varied from 0.24 to
0.34. Phenotypic correlations among all definitions of the REI traits ranged from 0.90
(REI with REICWF) to 0.99 (traditional REI with REI using metabolic pre-slaughter
liveweight and ADG). All were different (P < 0.001) from one suggesting re-ranking
of animals when using different definitions of REI to identify efficient cattle. The
derived RG traits were either weakly or not correlated (P > 0.05) with the ultrasound
and carcass traits. Genetic correlations between the REI traits with carcass weight,
dressing difference (i.e., liveweight immediately pre-slaughter minus carcass weight)
and dressing percentage (i.e., carcass weight divided by liveweight immediately preslaughter) implies that selection on any of the REI traits will increase carcass weight,
lower the dressing difference and increase dressing percentage. Selection on REICW
(REI using carcass weight as an energy sink), as opposed to traditional REI, should
increase the carcass weight 2.2 times slower but reduce the dressing difference 4.3
times faster. While traditionally defined REI is informative from a research
perspective, the ability to convert energy into liveweight gain does not necessarily
equate to carcass gain, and as such, traits such as REICW and REICWF provide a better
description of production efficiency for feedlot cattle.

2.3 Introduction
Several studies exist on cattle comparing animals and production systems that
differ in their feed efficiency metrics (Arthur et al., 2001a; Robinson and Oddy, 2004;
Durunna et al., 2011b), including studies with reported inter-animal genetic
differences (for review see Berry and Crowley (2013). Almost all such studies have
been based on growing cattle (Arthur et al., 2001a; Crowley et al., 2010) and, in the
vast majority of cases, these cattle were all purebred (Bouquet et al., 2010; Arthur et
al., 2001b) and were undertaken on a single animal sex (Schenkel et al., 2004; Kayser
and Hill, 2013). Furthermore, the carcass credentials of the animals on test were largely
unknown, although more recent studies have documented the associations between
efficiency metrics and some carcass measures (Mao et al., 2013; Torres-Vázquez et
al., 2018).
Residual feed intake (RFI) is a popular scientific metric that attempts to
describe inter-animal differences in feed efficiency (Byerly, 1941; Koch et al., 1963).
Residual feed intake in cattle was traditionally defined as the residuals from a multiple
linear regression model, regressing some form of feed intake value on average daily
gain (ADG) and metabolic liveweight (Koch et al., 1963; Crowley et al., 2010; Arthur
et al., 2001a). Basarab et al. (2003) subsequently recommended the inclusion of some
measure of body fat in the multiple regression model in an attempt to ensure the
observed differences in RFI were not simply due to differences in body fat, and to
minimize the effects of selection for low RFI on carcass leanness in slaughter cattle
and later fattening or maturing in replacement heifers. Savietto et al. (2014) progressed
this recommendation further by stating that the interaction between body fat measures
and both body weight and ADG should be considered in the model. Producers of the
final beef product, however, are generally paid on the basis of carcass weight and
carcass quality (Polkinghorne and Thompson, 2010). Therefore, because of the large
inter-animal variation in dressing percentage (Coyne et al., 2019), RFI defined using
metabolic liveweight may not necessarily be a good reflection of production efficiency
for producers fattening animals (i.e., feedlot cattle where concentrate constitutes 80 to
90% of the diet) who would be more concerned with the carcass weight of the animal
rather than the metabolic liveweight.
The objective of the present study was to modify the status quo definition of
both RFI and residual gain (RG) traits and to investigate their interrelationships with
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performance, ultrasound, and carcass traits in three different animal sexes (young
bulls, steers, and heifers) of purebred and crossbred growing cattle. The novelty of the
present study lies in the derivation of an extensive suite of feed efficiency traits which
may have downstream applications in both management and breeding strategies to
monitor and improve animal production efficiency.
2.4 Materials and Methods
The data used in the present study were obtained from a pre-existing database
managed by the Irish Cattle Breeding Federation (ICBF). Therefore, it was not
necessary to obtain animal care and use committee approval in advance of conducting
this study.
All feed intake, liveweight, carcass, and ultrasound records originated from
animals that were on test for feed intake at the ICBF Performance Test Station (1992
to 2011, inclusive) and later the ICBF Gene Ireland Progeny Test Centre (2012 to
present day), Tully, Co. Kildare, Ireland. Prior to 2012, the test centre operated as a
beef bull performance test centre where details of the bull selection process, centre
practices, and management were described in detail by Crowley et al. (2010). In
August 2012, the test centre changed function to a progeny test centre where bulls,
steers, and heifers were purchased by the ICBF from Irish commercial producers,
tested for feed intake and efficiency on a high energy concentrate based diet, and
subsequently slaughtered. No feed intake, liveweight, carcass, or ultrasound data were
available during the transition period between October 2011 and July 2012.
2.4.1 Pre-2012
Prior to 2012, bulls entered the test station in, on average, 3 different groups
annually, hereafter referred to as batches. There were 2 to 5 bulls per pen, assigned
based on breed and liveweight, and all forty pens were equipped with a Calan
Broadbent gate system (American Calan, Northwood, NH) for recording individual
bull feed intake. Initially bulls were fed 4.5 to 6 kg of concentrates, which was
increased daily by 10% of the previous day’s allowance until ad libitum feed intake
was reached. The test started once the bulls had entered the test station and had
acclimatized to the facilities and diet, and concentrate intake was recorded on a fresh
weight basis once ad libitum levels of concentrate feeding were reached. To obtain
total weekly concentrate intake, concentrate refusals were measured one day per week
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and subtracted from the cumulative concentrate offered over the previous 7 days. A
daily allowance of 1.5 kg fresh weight of hay per bull was provided into the Calan
Broadbent feeder throughout the bull’s residency in the test station. Access to clean,
fresh water was also provided ad libitum to all bulls. Animals were weighed every 14
days between 1992 and 1995, every 21 days between 1995 and 2005, every 14 days
between 2005 and 2008, and every 21 days between 2008 and 2011. From September
1992 to September 2011, all hay was assumed to have a dry matter of 85% and a
metabolizable energy concentration of 8.6 MJ / kg DM. The concentrates offered to
bulls between September 1992 and September 2002 was assumed to have dry matter
of 87.5% and a metabolizable energy concentration of 12.1 MJ / kg DM, whereas the
concentrates offered to bulls between October 2002 and September 2011 was assumed
to have a dry matter of 86% and a metabolizable energy concentration of 14.5 MJ/kg
DM. Daily metabolizable energy intake (MEI) for each bull tested pre-2012 was
defined as the sum of daily hay dry matter intake multiplied by hay metabolizable
energy concentration plus daily concentrate dry matter intake multiplied by
concentrate metabolizable energy concentration.
2.4.2 Post-2011
From August 2012 onwards, all animals within each batch started their progeny
test together and all animals within a batch were slaughtered within a week of each
other at the end of their test period. Each batch was composed of one sex and was
grouped by birth-date where the maximum range in age was four months. On arrival
at the test station, all cattle were assigned to pens based on breed and liveweight and
then underwent an acclimatization period of between 21 and 30 days to adapt to the
feeding system and environment. There were 4 to 6 animals per pen, across a total of
forty pens; thirty pens were equipped with two automatic feed stations (RIC FeedWeigh Trough, Hokofarm Group BV, Marknesse, The Netherlands) and a further ten
pens were equipped with a Calan Broadbent gate system. While in the test station, all
animals were weighed, on average, every 7 days between August 2012 and August
2013, every 21 days between September 2013 and December 2017, and every 7 days
in 2018.
Each automatic feed station was mounted on two load cell and had a pneumatic
access gate with an infrared sensor on one side that recorded the presence of an animal.
An antenna directly above the access gate detected the radio frequency identification
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(RFID) tag (HDX EID Tag, Allflex Livestock Intelligence, Dallas, TX) in the animal’s
ear to identify the individual animal in the feed station. A feed event commenced when
an animal’s RFID tag was first detected and ended after interruption of the infrared
sensor ended. All automatic feed stations provided ad libitum access to feed. Refusals
were discarded in all feed stations daily before feed was refreshed. All steers, heifers,
and some bulls were fed with this system. For every pen in the test centre, access to
clean, fresh water was provided ad libitum, with one water trough shared between two
adjacent pens. Steers and heifers were fed a total mixed ration (TMR) with a
concentrate, hay, and water fresh-weight ratio of 2:6:8, and 5:3:9 for days 1 to 7, and
days 8 to 12 of the acclimatization period, respectively. A TMR with a concentrate,
hay, and water fresh-weight ratio of 10:3:9 was fed, for the rest of the acclimatization
period and subsequently throughout the test period, ad libitum once per day with a
paddle mixer wagon. Daily feed intake of each animal fed through the automatic feed
stations was calculated by summing, per day, the feed consumed in each feed event
which was then averaged across all valid test days.
Young bulls entering the test centre from the year 2012 onwards were fed a
starting daily allocation of 5 kg fresh weight of concentrates. During the
acclimatization period, the concentrate allowance of each bull was increased by 0.5 kg
fresh weight per day until ad libitum levels were reached; a daily fixed rate of 2 kg
fresh weight of hay was also fed to each bull during this period to maintain healthy
rumen function. The recording of feed intake commenced when all animals reached
ad libitum levels of feeding. Young bulls fed through the automated feed stations
during the test period were fed both concentrates and hay once in the morning, seven
days per week; an allocation of 2 kg fresh weight per animal of hay was fed in one of
the feed stations in the pen, while concentrates were fed ad libitum separately in the
other feed station in the pen. Daily feed intake was calculated by summing, per day,
the feed consumed in each feed event which was then averaged across all valid test
days. Young bulls fed during the test period through the Calan Broadbent system from
2012 onwards were offered concentrates twice per day, seven days per week; a fixed
daily rate of 2 kg fresh-weight of hay per animal was also provided, split into two
feeds, one in the morning and one in the afternoon, seven days per week. Concentrate
intake was calculated weekly by recording concentrate refusals of each bull one day
per week and subtracting from the cumulative feed offered over the previous seven
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days; this sum was subsequently divided by seven to obtain average daily concentrate
intake within this time period.
From 2012 to 2018, all hay fed was assumed to have a dry matter of 85% and
a metabolizable energy concentration of 8.6 MJ/kg DM. The concentrates offered to
bulls between August 2012 and November 2018 was assumed to have dry matter of
86% and a metabolizable energy concentration of 14.1 MJ/kg DM. Daily
metabolizable energy intake (MEI) for each bull tested post-2011 was defined as the
sum of daily hay dry matter intake multiplied by hay metabolizable energy
concentration and daily concentrate dry matter intake multiplied by concentrate
metabolizable energy concentration. The TMR fed to all steers and heifers was
assumed to have a dry matter of 51% and a metabolizable energy concentration of 12.1
MJ/kg DM; daily metabolizable energy intake (MEI) per animal was calculated as the
animal’s daily total dry matter intake multiplied by the energy concentration of the
TMR. Hay energy values were derived from feed tables (Sauvant et al., 2004) and
concentrate energy values were obtained from the manufacturer.
2.4.3 Data editing
The test period in the present study was defined as the last 70 days of test. For
all animals, the most recent liveweight record before the 70 day cut-off was retained
if it was recorded after the acclimatization period; all animals had to have at least 3
liveweight records during the test period. Additionally, for animals tested post-2011,
the final liveweight of an animal pre-slaughter was also retained for use in the present
study. Any animals tested after the year 2011 that did not have a liveweight record
within 7 days pre-slaughter (n=38) were removed from all analyses. Data from a
further 161 animals were removed due to abnormal growth rates where the r-squared
of a linear regression through their liveweight records was < 0.90 (discussed later). All
animals tested between the years 1992 and 2011 had to be between 8 and 16 months
of age when they started their test, while all animals tested between the years 2012 and
2018 had to be between 10 and 24 months of age when they started their test. Five
days of feed intake records from cattle fed through the automatic feed stations were
removed due to a weight malfunction on those days. Thirteen animals were identified
as sick from a combination of their growth and feed intake patterns; data from these
animals were removed from all analyses. After all edits, feed intake and liveweight
records were available on 5,172 animals of which 2,985 were bulls tested pre-2012,
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1,402 were bulls tested post-2011, 542 were steers, and 243 were heifers; all post-2011
bulls, steers, and heifers (n=2,187) also had carcass-related records.
2.4.4 Trait definitions
Carcass data and final liveweight pre-slaughter were only available on 2,187
animals tested from the year 2012 onwards. Carcass weight (kg) was measured, on
average, 2 hours post-slaughter. Carcass conformation and carcass fat class were
obtained using video image analysis in a mechanical grading system (Pabiou et al.,
2011). Carcass conformation was defined by the EUROP system and represented by
the letters E, U, R, O, and P, where E represents the best conformation and P represents
the worst conformation (Englishby et al., 2016). Each conformation class was
subdivided into 3 divisions, specifying a 15 point scale for carcass conformation.
Carcass fat classes were represented on a scale from 1 to 15, where 1 represents the
least fat and 15 represents the greatest fat cover on the carcass. Dressing difference
(kg) was calculated as the animal’s final liveweight, within 7 days pre-slaughter, minus
their carcass weight (Coyne et al., 2019). Carcass dressing percentage (%) was
calculated as the carcass weight divided by the final liveweight of an animal within 7
days pre-slaughter (Coyne et al., 2019) multiplied by 100. All 2,187 animals with
carcass data had a record for both dressing difference and dressing percentage.
Ultrasound measurements were available on 3,726 animals. Bulls performance
tested between 1992 and 2011 were scanned once, approximately half way through
their test period. Of the animals scanned post-2011, 32 batches (1,370 animals) had
their last ultrasound record within 30 days of slaughter, while 5 batches (200 animals)
had their last ultrasound record between 35 and 75 days pre-slaughter; only the last
recorded pre-slaughter ultrasound measurement was retained for each animal tested.
An Esaote-Pie Medical Aquila PRO Vet ultrasound scanner with a 3.5 MHz transducer
head was used to obtain all ultrasound measurements. Fat depth was measured in two
areas; 1) at the third lumbar vertebrae in 3 locations approximately 2cm apart, and 2)
at the 13th thoracic rib in 4 locations approximately 2cm apart. Ultrasound fat depth
(mm) was calculated as the average of all fat depth records at the third lumbar vertebrae
and fat depth records at the 13th thoracic rib; ultrasound fat depth records were
available on 3,726 animals. An eye muscle depth (mm) record was available on 2,782
animals and was measured at the third lumbar vertebra on top of the loin, at a single
point representing the deepest point of the muscle. Intramuscular fat (IMF; %) records
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were available on 1,446 animals and were estimated from images taken at a lateral
position to the animal’s spine at the 13th thoracic rib; all animals with an intramuscular
fat record also had a record for both eye muscle depth and fat depth.
Average daily gain was calculated, per animal, as the linear regression
coefficient from a simple linear regression of individual liveweight on days on test.
Mid-test metabolic liveweight (MBW; i.e., liveweight0.75) was represented as the
predicted metabolic liveweight 35 days before the end of the test, derived from the
intercept and linear regression coefficient of metabolic liveweight measures on days
on test. Metabolic final liveweight (MFW) was represented as the final liveweight of
an animal within 7 days pre-slaughter raised to the power of 0.75. Energy conversion
ratio (ECR) was defined as MEI divided by ADG.
Several definitions of residual energy intake (REI) were derived. The
traditional definition of REI (herein referred to as just REI) was calculated as the
residuals from a multiple linear regression of MEI on MBW and ADG:
REI = MEI – (𝛽0 + 𝛽1 𝑀𝐵𝑊 + 𝛽2 𝐴𝐷𝐺 + 𝑏𝑎𝑡𝑐ℎ)
where 𝛽0 represents the intercept and 𝛽1and 𝛽2 represent the respective partial
regression coefficients of MEI on MBW and ADG. Where ultrasound records were
available, a separate trait of REI adjusted for ultrasound fat depth (REIU) was
calculated as already described for REI except ultrasound fat depth was itself included
as a covariate but also in a two-way interaction with both ADG and MBW. Residual
energy intake using MFW (REIFW) was calculated as the residuals from a multiple
linear regression of MEI on MFW and ADG:
REIFW = MEI – (𝛽0 + 𝛽1 𝑀𝐹𝑊 + 𝛽2 𝐴𝐷𝐺 + 𝑏𝑎𝑡𝑐ℎ)
where 𝛽0 represents the intercept and 𝛽1and 𝛽2 represent the respective partial
regression coefficients of MEI on MFW and ADG. Residual energy intake using
carcass weight (REICW) was calculated as the residuals from a multiple linear
regression of MEI on both carcass weight and ADG:
REICW = MEI – (𝛽0 + 𝛽1 𝑐𝑎𝑟𝑐𝑎𝑠𝑠 𝑤𝑒𝑖𝑔ℎ𝑡 + 𝛽2 𝐴𝐷𝐺 + 𝑏𝑎𝑡𝑐ℎ)
where 𝛽0 represents the intercept and 𝛽1and 𝛽2 represent the respective partial
regression coefficients of MEI on carcass weight and ADG. A separate trait of REICW
adjusted for carcass fat score (REICWF) was calculated the same as for REICW except
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carcass fat score was itself included as a covariate but also in a two-way interaction
with carcass weight. The partial regression coefficients for each REI trait model within
animal sex (bulls tested post-2011, steers, and heifers) are in Appendix A.
Several definitions of residual gain (RG) were also derived. The traditional
definition of RG was calculated as the residuals from a multiple linear regression of
ADG on MBW and MEI:
RG = ADG – (𝛽0 + 𝛽1 𝑀𝐵𝑊 + 𝛽2 𝑀𝐸𝐼 + 𝑏𝑎𝑡𝑐ℎ)
where 𝛽0 represents the intercept and 𝛽1and 𝛽2 represent the respective partial
regression coefficients of ADG on MBW and MEI. Where ultrasound records were
available, a separate trait of RG adjusted for ultrasound traits (RGU) was calculated as
already described for RG except ultrasound fat depth was itself included as a covariate
but also in a two-way interaction with both MEI and MBW. Residual gain using MFW
(RGFW) was calculated as the residuals from a multiple linear regression of ADG on
MFW and MEI:
RGFW = ADG – (𝛽0 + 𝛽1 𝑀𝐹𝑊 + 𝛽2 𝑀𝐸𝐼 + 𝑏𝑎𝑡𝑐ℎ)
where 𝛽0 represents the intercept and 𝛽1and 𝛽2 represent the respective partial
regression coefficients of ADG on MFW and MEI. Residual gain using carcass weight
(RGCW) was calculated as the residuals from a multiple linear regression of ADG on
both carcass weight and MEI:
RGCW = ADG – (𝛽0 + 𝛽1𝑐𝑎𝑟𝑐𝑎𝑠𝑠 𝑤𝑒𝑖𝑔ℎ𝑡 + 𝛽2 𝑀𝐸𝐼 + 𝑏𝑎𝑡𝑐ℎ)
where 𝛽0 represents the intercept and 𝛽1and 𝛽2 represent the respective partial
regression coefficients of ADG on carcass weight and MEI. A separate trait of RGCW
adjusted for carcass fat score (RGCWF) was calculated as already described for RGCW
except carcass fat score was itself included as a covariate but also in a two-way
interaction with carcass weight. All derivations of REI and RG were calculated within
animal-sex, with batch included as a fixed effect as illustrated.
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The heterosis coefficient and recombination loss coefficient were calculated
for each animal as:
1 − ∑𝑛𝑖=1 𝑠𝑖𝑟𝑒𝑖 × 𝑑𝑎𝑚𝑖

and

1 − ∑𝑛𝑖=1

𝑠𝑖𝑟𝑒𝑖 2 ×𝑑𝑎𝑚𝑖 2
2

respectively, where sirei and dami are the proportion of breed i in the sire and dam,
respectively (VanRaden and Sanders, 2003). Heterosis coefficient was subsequently
divided into 12 classes (0.0%, >0.0 to <0.1%, ≥0.1 to <0.2%,… ≥0.9 to <100.0%, and
100.0%), and recombination loss coefficient was divided into 7 classes (0.00%, >0.00
to <0.05%, ≥0.05 to <0.10%,… ≥0.45 to <0.50%, 0.50%, and >0.50%).
2.4.5 Statistical analyses
Phenotypic and genetic variance components for the performance, efficiency,
ultrasound, and carcass traits were estimated using a series of univariate animal linear
mixed models in ASReml (Gilmour et al., 2009). Fixed effects for consideration in all
models were batch (n=118), age at the end of test, the 2-way interaction between age
at the end of test and animal sex, heterosis coefficient class, recombination loss
coefficient class, and dam parity (1, 2, 3, 4, ≥5, and missing). Animal was included as
a random effect, and average genetic relationships among animals were considered by
tracing the pedigree of each animal back to founder animals which were allocated to
genetic groups based on breed; up to 22 ancestral generations were used in the
generation of the relationship matrix. The pedigree file consisted of 59,682 animals.
Phenotypic and genetic covariances among all traits were estimated using a series of
bivariate animal linear mixed models; fixed effects in the model were those described
for the univariate analyses.
2.5 Results
Summary statistics by animal sex for each performance, efficiency, ultrasound,
and carcass trait are listed in Table 2.1. Daily metabolizable energy intake ranged from
133.51 MJ/day for bulls tested pre-2012 to 180.17 MJ/day for bulls tested post-2011.
Bulls tested post-2011, on average, grew faster, weighed more, had a heavier carcass
weight and had a better dressing percentage compared to both steers and heifers. There
was no difference (P>0.05) in growth rate, energy intake, or ECR between steers and
heifers, although, on average, heifers weighed less, had the lightest carcasses, and had
the lowest dressing percentage. The mean of all derived residual traits was zero, due
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to the properties of least squares regression. Performance trait heritability estimates
ranged from 0.29 for ADG to 0.66 for MBW. Heritability estimates for the REI traits
ranged from 0.36 for REICWF to 0.50 for traditional REI. Heritability estimates for the
RG traits varied from 0.24 for traditional RG to 0.34 for RGFW. The inclusion of body
fat measures, such as ultrasound fat depth (UFD), reduced the genetic standard
deviation from 7.31 MJ/day for REI to 6.69 MJ/day for REIU, while the genetic
standard deviation reduced from 8.33 MJ/day for REICW to 7.34 MJ/day for REICWF
with the inclusion of carcass fat measures in the regression model.
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Table 2.1. Raw means (standard deviations in parentheses), heritability estimates (h2; SE in parentheses), and genetic standard deviations (σg) of
the performance, efficiency ultrasound, and carcass traits in bulls tested before 2012 (pre-2012 bulls), bulls tested post 2011 (post-2011 bulls),
steers, and heifers.
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Trait2

Pre-2012 Bulls

Post-2011 Bulls

Steers

Heifers

h2

σg

Performance
MEI, MJ/day
ADG, kg/day
MBW, kg0.75
MFW, kg0.75

133.51a (20.81)
1.71a (0.38)
113.3a (11.94)
NA

180.17b (17.63)
2.04b (0.34)
121.7b (10.56)
133.22a (10.23)

149.05c (21.97)
1.44c (0.30)
122.8b (10.01)
129.93b (10.10)

147.51c (24.37)
1.42c (0.30)
114.8a (9.23)
122.15c (9.30)

0.54 (0.05)
0.29 (0.04)
0.66 (0.05)
0.61 (0.08)

10.51
0.15
6.42
6.62

Efficiency
ECR
REI, MJ/day
REIU, MJ/day
REIFW, MJ/day
REICW, MJ/day
REICWF, MJ/day
RG, kg/day
RGU, kg/day
RGFW, kg/day
RGCW, kg/day
RGCWF, kg/day

80.78a (16.81)
0 (10.71)
0 (9.59)
NA
NA
NA
0 (0.25)
0 (0.23)
NA
NA
NA

90.49b (14.78)
0 (9.87)
0 (9.42)
0 (9.95)
0 (11.29)
0 (10.37)
0 (0.24)
0 (0.24)
0 (0.24)
0 (0.24)
0 (0.24)

106.54c (21.35)
0 (13.47)
0 (13.92)
0 (13.41)
0 (14.66)
0 (13.96)
0 (0.21)
0 (0.20)
0 (0.20)
0 (0.20)
0 (0.20)

107.6c (26.37)
0 (18.21)
0 (18.40)
0 (18.20)
0 (19.21)
0 (18.44)
0 (0.19)
0 (0.20)
0 (0.18)
0 (0.19)
0 (0.19)

0.24 (0.04)
0.50 (0.05)
0.40 (0.06)
0.40 (0.08)
0.43 (0.08)
0.36 (0.07)
0.24 (0.04)
0.26 (0.05)
0.34 (0.07)
0.34 (0.07)
0.33 (0.07)

6.93
7.31
6.69
7.46
8.33
7.34
0.12
0.12
0.13
0.13
0.13

3.1a (1.68)
84.1a (7.14)
NA

3.7b (1.13)
81.5b (7.43)
5.01a (1.43)

5.2c (1.63)
74.7c (7.07)
5.97b (1.34)

6.0d (1.92)
72.2d (7.83)
6.66c (1.05)

0.49 (0.06)
0.30 (0.06)
0.25 (0.08)

0.76
3.18
0.57

Ultrasound
UFD, mm
UMD, mm
IMF, %

Table 2.1 (Continued). Raw means (standard deviations in parentheses), heritability estimates (h2; SE in parentheses), and genetic standard
deviations (σg) of the performance, efficiency ultrasound, and carcass traits in bulls tested before 2012 (pre-2012 bulls), bulls tested post
2011 (post-2011 bulls), steers, and heifers.
Trait2
Carcass
Carcass Weight, kg
Carcass Conformation, scale 1-15
Carcass Fat, scale 1-15
Dressing Difference, kg
Dressing Percentage,%

56

a-d

Pre-2012 Bulls

Post-2011 Bulls

Steers

Heifers

h2

σg

NA
NA
NA
NA
NA

401.7a (45.47)
11.8a (1.27)
5.8a (1.03)
279.6a (31.83)
58.94a (2.46)

360.6b (40.85)
8.6b (1.68)
7.5b (1.48)
298.4b (36.25)
54.73b (2.71)

325.0c (38.70)
8.2c (1.79)
8.7c (1.90)
281.8a (32.41)
53.55c (2.87)

0.62 (0.09)
0.62 (0.08)
0.63 (0.09)
0.66 (0.08)
0.78 (0.08)

28.51
0.89
0.87
22.28
1.78

Means within a row with different subscripts differ (P < 0.05).
NA = not available
2
MEI = metabolizable energy intake; ADG = average daily gain; MBW = mid-test metabolic liveweight; MFW = metabolic final liveweight pre-slaughter; ECR = energy
conversion ratio; REI = residual energy intake; REIU = REI adjusted for ultrasound fat depth; REIFW = residual energy intake using metabolic final liveweight pre-slaughter;
REICW = residual energy intake using carcass weight; REICWF = REICW adjusted for carcass fat; RG = residual gain; RGU = RG adjusted for ultrasound fat depth; RGFW= residual
gain using metabolic final liveweight pre-slaughter; RGCW = residual gain using carcass weight; RGCWF = RGCW adjusted for carcass fat score
1

2.5.1 Correlations between the performance and efficiency traits
Phenotypic and genetic correlations between the performance and efficiency
traits are summarized in Table 2.2. On average, animals with a higher energy intake
grew faster, were heavier, and had an inferior ECR; this conclusion presented
irrespective of whether the correlations were phenotypic or genetic. The phenotypic
correlation between MBW and MFW was 0.98, while the respective genetic
correlation was 0.99; both correlations were different (P<0.001) from one.
Table 2.2 Phenotypic1 (below the diagonal) and genetic (above the diagonal with SE
in parentheses) correlations between the performance and efficiency traits.
Trait2
MEI
ADG
MBW
MFW
ECR

MEI
0.46
0.61
0.60
0.14

ADG
0.61 (0.06)

MBW
0.65 (0.04)
0.43 (0.07)

0.28
0.51
-0.75

0.98
0.08

MFW
0.63 (0.06)
0.41 (0.10)
0.99 (0.003)

ECR
0.25 (0.09)
-0.61 (0.06)
0.15 (0.09)
-0.12 (0.14)

-0.15

1

Standard errors of the phenotypic correlations were all <0.03.
2
MEI = metabolizable energy intake; ADG = average daily gain; MBW = mid-test metabolic liveweight;
MFW = metabolic final liveweight pre-slaughter; ECR = energy conversion ratio.

The phenotypic and genetic correlations between the performance and
efficiency traits with the residual energy intake and residual gain traits are listed in
Table 2.3. Neither the phenotypic nor the genetic correlations between all the REI traits
and their respective component traits were different (P > 0.05) from zero. Similarly,
the phenotypic and genetic correlations between all the RG traits and their respective
components traits were not different (P > 0.05) from zero. The fact that the phenotypic
correlations between either the REI traits or the RG traits with their component traits
were not exactly zero was because fixed effects that were included in the bivariate
mixed models, used to calculate the correlations, were not included in the regression
equations to derive the REI and RG traits.
Phenotypic correlations of all REI traits with MEI ranged from 0.65 (REI) to
0.76 (REICW), while genetic correlations between all REI traits and MEI varied from
0.62 (REIU) to 0.75 (REICW). Similarly, the phenotypic correlations between all RG
traits and ADG ranged from 0.83 (RGFW, RGCW, and RGCWF) to 0.89 (RG), while the
genetic correlations between all RG traits and ADG ranged from 0.73 (RGFW) to 0.80
(RG). Superior ECR was associated with both better REI (i.e., lower REI) and better
RG (i.e., greater RG); the phenotypic correlations between the REI traits and ECR
varied from 0.46 (REIU) to 0.57 (REICW) and were different (P<0.01) from each other,
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while the phenotypic correlations between the RG traits and ECR were also different
(P < 0.001) from each other and varied from -0.89 (RG) to -0.83 (RGFW).
2.5.2 Correlations among and between the residual energy intake and the residual
gain traits
The phenotypic and genetic correlations among all REI traits and all RG traits,
as well as between all the REI traits and RG traits, are listed in Table 2.4.The
phenotypic correlations among all of the REI traits ranged from 0.88 (REIU with
REICW) to 0.99 (REI with REIFW) but were all different (P < 0.001) from one. The
genetic correlations among all REI traits were generally weaker than the respective
phenotypic correlations and ranged from 0.82 (REIU with REICW) to 0.99 (REI with
REIFW). Traditional REI had a phenotypic correlation of 0.95 with REICW and thus
9.75% of the phenotypic variation in REICW was not explained by traditional REI.
Similarly, 19% of the phenotypic variation in REICWF was unexplained by REIU; the
phenotypic and genetic correlations between REIU and REICWF were 0.90 and 0.89,
respectively. The phenotypic correlations among all RG traits were >0.97, but were all
different (P < 0.001) from one, while the genetic correlations ranged from 0.95 (RGCWF
with RGU) to 0.99 (RGCW with RGCWF). The phenotypic correlations between all the
REI traits and all the RG traits were generally stronger than the respective genetic
correlations and varied from -0.44 (REICW with RG) to -0.20 (REIU with RGFW), while
the genetic correlations ranged from -0.36 (REIU with RGU) to -0.12 (REI with
RGCWF).
2.5.3 Correlations among and between the ultrasound and carcass traits
Table 2.5 summarizes the phenotypic and genetic correlations between the
ultrasound and the carcass traits; almost all of the genetic correlations were stronger
than the respective phenotypic correlations. Ultrasound muscle depth (UMD) had a
phenotypic correlation of 0.43 and 0.48 with carcass conformation and carcass weight,
respectively, while UFD had a phenotypic correlation of 0.58 and 0.07 with carcass
fat and carcass weight, respectively.
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Table 2.3. Phenotypic and genetic (SE in parentheses) correlations of the performance and efficiency traits with the residual energy intake and
residual gain traits.
2
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Trait
REI
REIU
REIFW
REICW
REICWF
RG
RGU
RGFW
RGCW
RGCWF

MEI
0.71
0.65
0.69
0.76
0.70
0.03
0.02
0.02
0.01
0.01

Phenotypic Correlations1
ADG MBW MFW
-0.03
-0.03
-0.03
-0.02
-0.03
-0.01
-0.02
-0.01
-0.03
-0.04
0.17
0.16
-0.04
0.13
0.11
0.89
0.01
0.15
0.87
0.03
0.16
0.83
-0.12
0.01
0.83
-0.09
0.04
0.83
-0.09
0.05

ECR
0.47
0.46
0.52
0.57
0.55
-0.89
-0.86
-0.83
-0.85
-0.85

MEI
0.68 (0.04)
0.62 (0.06)
0.64 (0.06)
0.75 (0.05)
0.69 (0.06)
0.04 (0.10)
0.02 (0.10)
0.08 (0.11)
0.11 (0.12)
0.12 (0.12)

Genetic Correlations
ADG
MBW
MFW
0.12 (0.09)
-0.07 (0.07)
-0.20 (0.11)
0.14 (0.11)
0.02 (0.08)
-0.11 (0.13)
-0.06 (0.14)
-0.15 (0.12)
-0.18 (0.13)
-0.03 (0.14)
0.10 (0.10)
0.08 (0.13)
-0.07 (0.15)
0.08 (0.12)
0.06 (0.13)
0.80 (0.04)
0.06 (0.09)
0.15 (0.13)
0.75 (0.05)
0.06 (0.10)
0.29 (0.14)
0.73 (0.06)
-0.20 (0.11)
-0.12 (0.12)
0.77 (0.05)
-0.15 (0.11)
-0.06 (0.12)
0.78 (0.05)
-0.15 (0.11)
-0.06 (0.12)

ECR
0.46 (0.08)
0.44 (0.09)
0.39 (0.12)
0.43 (0.11)
0.45 (0.12)
-0.90 (0.02)
-0.84 (0.04)
-0.84 (0.05)
-0.87 (0.04)
-0.87 (0.04)

Phenotypic correlations ≤ |0.04| were not different (P > 0.05) from zero.
REI = residual energy intake; REIU = REI adjusted for ultrasound fat depth; REIFW = residual energy intake using metabolic final liveweight pre-slaughter; REICW = residual
energy intake using carcass weight; REICWF = REICW adjusted for carcass fat; RG = residual gain; RGU = RG adjusted for ultrasound fat depth; RGFW= residual gain using
metabolic final liveweight pre-slaughter; RGCW = residual gain using carcass weight; RGCWF = RGCW adjusted for carcass fat score; MEI = metabolizable energy intake; ADG
= average daily gain; MBW = mid-test metabolic liveweight; MFW = metabolic final liveweight pre-slaughter; ECR = energy conversion ratio.

1
2

Table 2.4. Phenotypic1 (below the diagonal) and genetic (above the diagonal with SE in parentheses) correlations among and between the residual
energy intake and residual gain traits.
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Trait2
REI
REIU
REIFW
REICW
REICWF
RG
RGU
RGFW
RGCW
RGCWF
1

REI
0.93
0.99
0.95
0.90
-0.36
-0.34
-0.21
-0.25
-0.25

REIU
0.93 (0.01)
0.93
0.88
0.90
-0.35
-0.39
-0.20
-0.25
-0.26

REIFW
0.99 (0.001)
0.92 (0.02)
0.96
0.92
-0.36
-0.32
-0.24
-0.28
-0.29

REICW
0.94 (0.01)
0.82 (0.04)
0.94 (0.01)
0.94
-0.44
-0.39
-0.35
-0.37
-0.37

REICWF
0.89 (0.02)
0.89 (0.03)
0.89 (0.03)
0.92 (0.02)
-0.40
-0.38
-0.32
-0.34
-0.36

RG
-0.32 (0.09)
-0.26 (0.11)
-0.26 (0.14)
-0.32 (0.13)
-0.31 (0.14)
0.99
0.99
0.99
0.98

RGU
-0.29 (0.10)
-0.36 (0.10)
-0.32 (0.15)
-0.32 (0.15)
-0.35 (0.15)
0.98 (0.005)
0.97
0.97
0.97

RGFW
-0.12 (0.11)
-0.13 (0.13)
-0.13 (0.13)
-0.27 (0.12)
-0.24 (0.13)
0.96 (0.01)
0.98 (0.01)
0.99
0.99

RGCW
-0.13 (0.11)
-0.15 (0.13)
-0.13 (0.13)
-0.25 (0.12)
-0.23 (0.13)
0.96 (0.01)
0.99 (0.01)
0.99 (0.002)

RGCWF
-0.12 (0.11)
-0.15 (0.13)
-0.12 (0.14)
-0.24 (0.13)
-0.24 (0.13)
0.95 (0.01)
0.98 (0.01)
0.99 (0.003)
0.99 (0.001)

0.99

All phenotypic correlations are different (P < 0.001) from zero and different (P < 0.001) from |1.00|.
2
REI = residual energy intake; REIU = REI adjusted for ultrasound fat depth; REIFW = residual energy intake and metabolic final liveweight pre-slaughter; REICW = residual
energy intake and carcass weight; REICWF = REICW adjusted for carcass fat; RG = residual gain; RGU = RG adjusted for ultrasound fat depth; RGFW= residual gain and metabolic
final liveweight pre-slaughter; RGCW = residual gain and carcass weight; RGCWF = RGCW adjusted for carcass fat score

Table 2.5. Phenotypic1 (below the diagonal) and genetic (above the diagonal with SE in parentheses) correlations among and between the
ultrasound and carcass traits.
Trait2
UFD
UMD
IMF
CW
CC
CF
DD
DP

UFD
-0.07
0.35
0.07
-0.14
0.58
0.32
-0.28

UMD
-0.49 (0.11)
0.02
0.48
0.43
-0.01
0.11
0.42

IMF
0.68 (0.12)
-0.01 (0.21)
0.06
-0.08
0.29
0.21
-0.18

CW
-0.17 (0.13)
0.53 (0.11)
-0.17 (0.17)
0.48
0.18
0.63
0.41

CC
-0.42 (0.12)
0.60 (0.10)
-0.39 (0.15)
0.52 (0.08)
-0.04
-0.06
0.64

CF
0.84 (0.06)
-0.15 (0.14)
0.51 (0.15)
-0.02 (0.11)
-0.26 (0.11)
0.36
-0.21

DD
0.44 (0.10)
-0.05 (0.14)
0.37 (0.16)
0.55 (0.07)
-0.20 (0.11)
0.39 (0.09)

DP
-0.67 (0.09)
0.55 (0.10)
-0.64 (0.13)
0.44 (0.08)
0.77 (0.05)
-0.46 (0.09)
-0.50 (0.08)

-0.44

Phenotypic correlations ≤ |0.05| were not different (P > 0.05) from zero.
2
UFD = ultrasound fat depth; UMD = ultrasound muscle depth; IMF = intramuscular fat percentage; CW = carcass weight; CC = carcass conformation score; CF = carcass fat
score; DD = dressing difference; DP = dressing percentage.
1
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Dressing percentage was both phenotypically and genetically correlated with
reduced UFD (phenotypic and genetic correlations of -0.28 and -0.67, respectively),
reduced IMF (phenotypic and genetic correlations of -0.18 and -0.64, respectively),
and greater UMD (phenotypic and genetic correlations of 0.42 and 0.55, respectively).
Dressing percentage was also genetically and phenotypically correlated with a heavier
carcass weight, better carcass conformation, but a lower carcass fat score. Dressing
difference was both phenotypically and genetically correlated with a heavier carcass
weight but greater UFD, a greater carcass fat score, greater intramuscular fat, and
reduced carcass conformation.
2.5.4 Correlations between both the performance and efficiency traits with both the
ultrasound and carcass traits
The phenotypic correlations between both the performance and efficiency traits
with both the ultrasound and carcass traits are presented in Table 2.6. Metabolic midtest liveweight (MBW) had correlations of 0.92 with carcass weight and 0.83 with
dressing difference. Likewise, there was a correlation of 0.93 between MFW and
carcass weight, and a correlation of 0.87 between MFW and dressing difference. A
greater MEI and faster ADG were both moderately correlated with both a heavier
carcass and heavier dressing difference. Energy conversion efficiency was weakly
negatively phenotypically correlated with carcass weight, but was not correlated with
dressing percentage. Phenotypically, more efficient animals (i.e., lower REI) had
heavier and better conformed carcasses, reduced dressing difference but increased
dressing percentage; weak to moderate negative correlations existed between dressing
percentage and all the REI traits, ranging from -0.37 (REICW) to -0.14 (REIU). Based
on the slope of the phenotypic regression of REI on dressing difference, every 10 MJ
reduction in REI was expected to be associated with, on average, a 2.45 kg lighter
dressing difference. In contrast, every 10 MJ decrease in REICW was expected to be
phenotypically associated with a 6.91 kg lighter dressing difference. Phenotypically,
the RG traits were either not correlated (i.e., P > 0.05), or weakly correlated with the
ultrasound and carcass traits.
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Table 2.6. Phenotypic1 correlations among the performance, efficiency, ultrasound,
and carcass traits.
Trait2
MEI
ADG
MBW
MFW
ECR
REI
REIU
REIFW
REICW
REICWF
RG
RGU
RGFW
RGCW
RGCWF

UFD
0.24
0.03
0.12
0.20
0.11
0.23
-0.10
0.23
0.30
0.12
-0.11
0.02
-0.11
-0.09
-0.07

UMD
0.10
0.15
0.29
0.35
-0.06
-0.11
-0.07
-0.12
-0.11
-0.09
0.10
0.08
0.04
0.01
0.01

IMF
0.18
0.02
0.16
0.14
0.10
0.13
0.04
0.16
0.21
0.11
-0.11
-0.06
-0.11
-0.10
-0.08

CW
0.48
0.44
0.92
0.93
-0.14
-0.12
-0.07
-0.13
0.01
-0.01
0.15
0.15
0.00
0.00
0.00

CC
0.02
0.19
0.26
0.27
-0.17
-0.20
-0.14
-0.22
-0.26
-0.22
0.18
0.16
0.12
0.08
0.07

CF
0.32
0.15
0.27
0.28
0.03
0.18
0.06
0.20
0.26
-0.07
-0.04
0.01
-0.06
-0.03
0.01

DD
0.63
0.49
0.83
0.87
-0.11
0.09
0.06
0.10
0.32
0.24
0.13
0.12
0.01
0.08
0.09

DP
-0.17
-0.05
0.08
0.05
-0.03
-0.24
-0.14
-0.26
-0.37
-0.29
0.04
0.03
0.00
-0.09
-0.09

Phenotypic correlations ≤ |0.05| were not different (P > 0.05) from zero.
MEI = metabolizable energy intake; ADG = average daily gain; MBW = mid-test metabolic liveweight;
MFW = metabolic final liveweight pre-slaughter; ECR = energy conversion ratio; REI = residual
energy intake; REIU = REI adjusted for ultrasound fat depth; REIFW = residual energy intake using
metabolic final liveweight pre-slaughter; REICW = residual energy intake using carcass weight; REICWF
= REICW adjusted for carcass fat; RG = residual gain; RG U = RG adjusted for ultrasound fat depth;
RGFW= residual gain using metabolic final liveweight pre-slaughter; RGCW = residual gain using
carcass weight; RGCWF = RGCW adjusted for carcass fat score; UFD = ultrasound fat depth; UMD =
ultrasound muscle depth; IMF = intramuscular fat percentage; CW = carcass weight; CC = carcass
conformation score; CF = carcass fat score; DD = dressing difference; DP = dressing percentage.

1
2

Genetic correlations between the REI traits with both the ultrasound and
carcass traits were generally stronger, and in the same direction, as the respective
phenotypic correlations (Table 2.7). Of all REI traits, REICW was the trait most strongly
genetically correlated with a reduction in all fat-related traits such as, UFD, carcass
fat, and IMF; REICW was also the efficiency trait most strongly genetically correlated
with a lighter dressing difference, better dressing percentage and better carcass
conformation. Every 10 MJ decrease in REI was genetically associated with a 2.53 kg
lighter dressing difference and a 15.23 kg heavier carcass, whereas a 10 MJ decrease
in REICW was genetically associated with a 10.80 kg lighter dressing difference and a
6.13 kg heavier carcass. Apart from the correlations between RG and either UFD,
UMD, or carcass conformation, the genetic correlations between the RG traits and the
ultrasound and carcass traits were not different (P > 0.05) from zero.
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Table 2.7. Genetic correlations (SE in parentheses) among the performance, efficiency, ultrasound, and carcass traits.
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Trait1
MEI
ADG
MBW
MFW
ECR
REI
REIU
REIFW
REICW
REICWF
RG
RGU
RGFW
RGCW
RGCWF
1

UFD
0.40 (0.08)
0.03 (0.10)
0.02 (0.08)
0.13 (0.12)
0.31 (0.10)
0.54 (0.07)
0.21 (0.10)
0.57 (0.11)
0.63 (0.10)
0.33 (0.13)
-0.24 (0.10)
-0.06 (0.11)
-0.12 (0.13)
-0.07 (0.12)
-0.02 (0.13)

UMD
-0.22 (0.11)
0.09 (0.13)
0.18 (0.10)
0.30 (0.13)
-0.23 (0.14)
-0.44 (0.11)
-0.21 (0.13)
-0.38 (0.11)
-0.36 (0.15)
-0.32 (0.16)
0.27 (0.13)
0.05 (0.15)
0.07 (0.15)
0.04 (0.15)
0.04 (0.15)

IMF
0.35 (0.15)
0.15 (0.19)
0.14 (0.16)
0.09 (0.17)
0.03 (0.20)
0.31 (0.16)
-0.01 (0.18)
0.38 (0.18)
0.46 (0.16)
0.23 (0.19)
-0.03 (0.21)
0.15 (0.22)
-0.09 (0.18)
-0.04 (0.18)
-0.01 (0.19)

CW
0.41 (0.08)
0.30 (0.11)
0.91 (0.02)
0.91 (0.02)
-0.08 (0.13)
-0.39 (0.10)
-0.20 (0.12)
-0.38 (0.12)
-0.20 (0.12)
-0.15 (0.13)
0.15 (0.13)
0.24 (0.14)
-0.15 (0.12)
-0.14 (0.12)
-0.14 (0.12)

CC
-0.15 (0.11)
0.11 (0.12)
0.25 (0.09)
0.23 (0.11)
-0.16 (0.13)
-0.48 (0.09)
-0.31 (0.12)
-0.51 (0.10)
-0.56 (0.10)
-0.48 (0.11)
0.29 (0.13)
0.24 (0.14)
0.09 (0.11)
0.04 (0.12)
0.03 (0.12)

CF
0.44 (0.09)
0.24 (0.12)
0.19 (0.10)
0.18 (0.11)
-0.08 (0.14)
0.31 (0.10)
0.08 (0.12)
0.29 (0.12)
0.3.7 (0.11)
-0.02 (0.13)
0.05 (0.14)
0.15 (0.15)
-0.04 (0.12)
0.01 (0.12)
0.05 (0.12)

DD
0.76 (0.05)
0.44 (0.10)
0.82 (0.03)
0.85 (0.03)
-0.09 (0.13)
0.08 (0.11)
0.02 (0.12)
0.14 (0.12)
0.40 (0.11)
0.30 (0.12)
0.04 (0.13)
0.22 (0.14)
-0.09 (0.11)
0.00 (0.11)
0.02 (0.11)

DP
-0.39 (0.09)
-0.13 (0.12)
0.07 (0.09)
0.03 (0.10)
-0.02 (0.13)
-0.50 (0.08)
-0.23 (0.11)
-0.55 (0.09)
-0.66 (0.08)
-0.51 (0.10)
0.14 (0.12)
0.01 (0.14)
-0.01 (0.11)
-0.10 (0.11)
-0.12 (0.11)

MEI = metabolizable energy intake; ADG = average daily gain; MBW = mid-test metabolic liveweight; MFW = metabolic final liveweight pre-slaughter; ECR = energy
conversion ratio; REI = residual energy intake; REIU = REI adjusted for ultrasound fat depth; REI FW = residual energy intake using metabolic final liveweight pre-slaughter;
REICW = residual energy intake using carcass weight; REICWF = REICW adjusted for carcass fat; RG = residual gain; RGU = RG adjusted for ultrasound fat depth; RGFW= residual
gain using metabolic final liveweight pre-slaughter; RGCW = residual gain using carcass weight; RGCWF = RGCW adjusted for carcass fat score; UFD = ultrasound fat depth;
UMD = ultrasound muscle depth; IMF = intramuscular fat percentage; CW = carcass weight; CC = carcass conformation score; CF = carcass fat score; DD = dressing difference;
DP = dressing percentage.

2.6 Discussion
Residual feed intake is a popular measure of feed efficiency in cattle and is
often defined as an animal’s actual feed intake minus its predicted feed intake
estimated from a multiple regression of feed intake on ADG, metabolic liveweight,
and sometimes a measure of body fat. Coyne et al. (2019) documented phenotypic and
genetic correlations of 0.92 and 0.93, respectively between liveweight immediately
pre-slaughter and carcass weight in young cattle, and although these are strong
correlations, they are both different (P < 0.001) from one suggesting these are not the
same trait. As such, RFI defined using metabolic liveweight may not be an entirely
true reflection of efficiency in systems where animals are being produced for slaughter,
as the ability to convert energy into liveweight gain does not necessarily equate to
carcass gain. Besides gut fill in the intestinal tract, the non-equivalence between
liveweight gain and carcass gain may be partly due to the different rates of change in
the proportions of fat, bone, and muscle, and morphological differences in internal
organ size between animals (Albertí et al., 2008). The main objective of the present
study was to evaluate other REI-type metrics by replacing metabolic liveweight (which
producers of finishing cattle are not paid on) with carcass weight (for which they are
paid) in the regression equation used to calculate REI and RG. Also of interest were
the phenotypic and genetic correlations between the said efficiency metrics and carcass
traits. The justification of the newly defined efficiency traits was to identify animals
that partition a greater proportion of their daily energy intake into actual kilograms of
carcass, as opposed to kilograms of animal liveweight.
Of the previous studies that have documented the genetic and phenotypic
relationships between feed efficiency and carcass traits across multiple breeds of
growing cattle (Hoque et al., 2006; Mao et al., 2013; Torres-Vázquez et al., 2018;
Taussat et al., 2019), the present study is one of the largest. Furthermore, the present
study is the first to relate measures of feed efficiency with dressing difference, defined
as the final pre-slaughter liveweight of an animal minus the carcass weight (Coyne et
al., 2019), where a larger positive value therefore indicates a heavier dressing
difference. Nonetheless, the genetic parameters estimated for all traits in the present
study were similar to those already reported in the literature for cattle (Arthur et al.,
2001a; Robinson and Oddy, 2004; Bouquet et al., 2010; Berry and Crowley, 2013).
Furthermore, the narrow range of heritability estimates (0.36 to 0.50) for the newly
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defined REI traits in the present study were within the range of estimates reported for
REI by Berry and Crowley (2013) in their review of the literature on feed efficiency
in growing dairy and beef cattle. Heritability estimates for the carcass traits in the
present study, specifically dressing difference and dressing percentage, were greater
than estimates for the same traits reported by Coyne et al. (2019) in crossbred cattle.
For example, in the present study, the residual variance was 1.6 times lower, and the
genetic variance was 2.2 times greater than the respective variances for dressing
difference reported by Coyne et al. (2019). All animals in the present study originated
from a single herd and batches were all fed and managed to the same standard
operating procedure, thus contributing to more uniform management and data
recording, reduced residual variance and greater heritability.
2.6.1 Progressing the definitions of residual energy intake and of residual gain
Of particular interest in the present study was the substitution of metabolic
liveweight with carcass weight as an energy sink in the derivation of REI. Prior to
doing this, what was first of interest was the impact of deriving REI using metabolic
liveweight immediately pre-slaughter, rather than the traditionally used mid-test
metabolic liveweight (Berry and Crowley, 2013). The near unity phenotypic and
genetic correlations between traditional REI and REIFW suggest there was no impact
of the latter. To our knowledge, no study in any species has investigated replacing
MBW with carcass weight in the multiple regression to derive REI. Therefore,
phenotypic correlations among feed intake, ADG, MBW, and carcass weight
(Appendix B) published in a range of studies (Nkrumah et al., 2004; Mao et al., 2013;
Torres-Vázquez et al., 2018; Taussat et al., 2019) were used to estimate the proportion
of variation in feed intake explained by both ADG and carcass weight as (Berry and
Crowley, 2013):
R2 = V'C-1V
where R2 is the proportion of variation in the dependent variable explained by the
predictor variables, V is the vector of phenotypic correlations between the dependent
variable and the predictor variables, and C is the matrix of phenotypic correlations
among the predictor variables. In the present study, using the same methodology,
replacing MBW with carcass weight to derive REICW explained 5.67 percentage units
less of the variance in energy intake compared to REI; this is slightly greater than the
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range of a reduction of 4.12 (Torres-Vázquez et al., 2018) to 5.47 percentage units
(Taussat et al., 2019) in R2 based on the calculation from the parameters reported in
the literature. Contrastingly, the proportion of variability in feed intake increased by
0.99 percentage units for Angus steers and 0.14 percentage units for Charolais steers
when MBW was replaced by carcass weight using the phenotypic correlations reported
by Mao et al. (2013); this was due to the fact that, in contrast to the present study and
other studies reviewed, the phenotypic correlation between dry matter intake and
carcass weight in both Angus steers and Charolais steers was marginally stronger than
the phenotypic correlation between dry matter intake and metabolic liveweight.
Cattle can have a similar MEI, liveweight, and ADG but, if differences in body
composition exist, then true differences in net feed efficiency are not realized without
including some measure of body composition in the equation to derive REI and RG
(Savietto et al., 2014; Basarab et al., 2003). As recommended by Basarab et al. (2003)
and Savietto et al. (2014), UFD and its interactions with MBW and ADG were all
included in the derivation of REIU to ensure any observed differences in REI were not
due to inter-animal differences in body fat. For cattle that had an UFD record, the
inclusion of UFD and its interactions explained 2.85% more of the phenotypic
variation in MEI compared to just MBW and ADG (i.e., traditional REI), which is
within the range of the 2 to 4% increase in R2 reported by (Arthur et al., 2003) in British
bred bulls and heifers, and (Basarab et al., 2003) in crossbred steers when ultrasound
back-fat measures were included as independent variables to derive RFI. Similarly,
cattle with a greater carcass fat cover may be unfairly categorized as less efficient
compared to their counterparts that have leaner carcasses and thus, to limit bias in net
production efficiency, the inclusion of carcass fat in the equation to derive REICW was
justified. The R2 for the REICW model increased from 67.96% to 72.46 % when carcass
fat score was also included in the multiple regression model, which is marginally
greater than the range of the increase in R2 already reported by Arthur et al. (2003) and
Basarab et al. (2003) when UFD was used to derive REIU.
Furthermore, some retail markets and beef processors penalize overly fat
carcasses (Fisher, 2007); overfat carcasses costs some processors in terms of the labour
and waste associated with trimming excess fat off the carcass. Therefore, overfat cattle
should be penalized to truly limit bias in net production efficiency defined using
REICWF. One such approach is to determine the maximum desired carcass fat score and
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fix the carcass fat score of overfat cattle to this maximum in the dataset, prior to the
calculation of REICWF. In the present study, 111 of the 2,187 animals with carcass data
(5.08%) were overfat (had a carcass fat score greater than 9), and the phenotypic
correlation between REICWF as defined in the present study and REICWF fixed to a
maximum carcass fat was 0.99. Of the 2,187 animals with carcass data, 22.63% (495
out of 2,187 cattle) had a carcass fat score greater than the optimum of 7.12, but, the
phenotypic correlation between REICWF as defined in the present study and REICWF
fixed to an optimum carcass fat score was 0.98. Therefore, in the present study, there
was a negligible impact to ranking animals on production efficiency by penalizing
overfat carcasses in the definition of REICWF, whether carcass fat was fixed to an
optimum or a maximum specification.
Few studies (Crowley et al., 2011a; Torres-Vázquez et al., 2018; Taussat et al.,
2019) have examined the phenotypic and genetic relationships between RG and
carcass traits, and, to the best of our knowledge, no study has explicitly reported the
contribution of measures of body composition to the variability in ADG in the
regression model used to derive RG in growing cattle. Nevertheless, the proportion of
variation in ADG explained by feed intake, ADG, MBW, and UFD was estimated as
described previously based on the phenotypic correlations among feed intake, ADG,
MBW, and UFD published in the aforementioned range of studies (Nkrumah et al.,
2004; Robinson and Oddy, 2004; Schenkel et al., 2004; Barwick et al., 2009; Mao et
al., 2013; Torres-Vázquez et al., 2018). For animals that had both carcass and
ultrasound data in the present study, the inclusion of UFD in the derivation of RGU
explained an additional 0.83 percentage units of phenotypic variation in ADG
compared to just MBW and MEI, which is within the range of the 0.02 (Robinson and
Oddy, 2004) to 2.54 percentage unit (Mao et al., 2013) increase in the coefficient of
multiple determination estimated from phenotypic correlations reported in the
literature for cattle.
2.6.2 Benefits of residual energy intake using carcass weight
As the phenotypic and genetic correlations between REI and REICW were 0.95
and 0.94, respectively, some re-ranking of animals would be expected depending on
whether REI or REICW was used to classify animals on efficiency. For example, of the
1,402 bulls in the present study that had both MEI and carcass data, 49 bulls that ranked
in the top 20% phenotypically for traditional REI (i.e., 49 out of 280 bulls) did not
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rank in the top 20% phenotypically for REICW. Furthermore, of the 1,045 bulls that
had all of MEI, carcass, and ultrasound fat depth data, 49 bulls that ranked in the top
20% phenotypically for REIU (i.e., 49 out of 209 bulls) did not rank in the top 20%
phenotypically for REICWF, indicating the difference between feed efficiency
percentiles when using the different REI traits. There was minimal phenotypic reranking of animals based on the alternative definitions of RG, which is expected given
the near unity correlations among the different RG traits.
Although several studies have documented the relationships between carcass
traits and feed efficiency in cattle (Basarab et al., 2003; Nkrumah et al., 2004; Mao et
al., 2013), few have reported correlations between feed efficiency traits and dressing
percentage (Jensen et al., 1992; Taussat et al., 2019). The range in phenotypic and
genetic correlations between the REI traits and dressing percentage in the present study
were of the same sign but all stronger than the phenotypic and genetic correlations
between RFI and dressing percentage reported in Charolais bulls (Taussat et al., 2019)
and in young bulls sired by Holstein-Friesian or Brown Swiss sires (Jensen et al.,
1992). Based on the genetic correlations between the derived REI traits and the carcass
traits in the present study, selection on either REI or REICW will, on average, increase
carcass weight, reduce dressing difference and thus increase dressing percentage.
However, based on the genetic regression of REI on both carcass weight and dressing
difference as well as the genetic regression of REICW on both carcass weight and
dressing difference, selection on REICW is expected to increase carcass weight 2.16
times slower and reduce dressing difference 4.3 times faster than selection on REI.
There is no doubt that residual energy intake is a very useful metric in research
studies as it depicts the inter-animal variability in net feed intake and therefore can be
used to rank animals on net feed efficiency for further investigation. However, REI, as
currently defined, is not the ideal metric to distinguish inter-animal variation in true
production efficiency as it does not take into account the carcass weight of the animal
which is of greater monetary value to the finishing farmer than liveweight alone. To
illustrate this point, two bulls were selected from the data used in this study (Fig. 2.1);
both bulls had a similar ADG (1.82 kg/day versus 1.85 kg/day), a similar MBW (119.0
kg0.75 versus 116.9 kg0.75), and a similar MEI (156.84 MJ/day versus 165.70 MJ/day)
and were thus ranked equally as efficient using REI (both animals were -10.70
MJ/day). Nonetheless, one bull had a 50 kg heavier carcass (417 kg versus 367 kg)
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and a 5.99 percentage unit higher dressing percentage (62.80% versus 56.81%) and
was thus differentiated from the second animal in terms of efficiency when using
REICW (-17.93 MJ/day versus -6.91 MJ/day). Additionally, when differences in
carcass fat composition were accounted for by using REICWF, the bull with the heavier
carcass was still ranked more efficient (-13.46 MJ/day versus -7.45 MJ/day). Although
there may not be a saving in feed costs between the two bulls, the bull with the heavier
carcass (through better dressing percentage) will generate an extra profit of
approximately €200 in comparison to the bull with the lighter carcass, assuming a price
of €4.00 per kg carcass and all else being equal.

Figure 2.1. Comparison of two actual young bulls in the dataset that both have similar
energy intake (MEI), metabolic liveweight (MBW), and ADG and thus similar residual
energy intake (REI), but have different carcass weights (CW; represented by the
coloured regions) and therefore different values for residual energy intake using
carcass weight (REICW).
At a farmer level, combining carcass data and regular weighing can aid in
identifying these production-efficient animals but the difficulties with measuring the
liveweight of the animal are that it is generally time-consuming for the farmer, the
weighing scales may be costly, and the appropriate facilities to restrain and handle
animals may not always be in place on farm. Furthermore, variation due to gut fill may
inflate the measurement error of the associated weight measurements and result in
inaccurate data which in turn may enter the residual component of the statistical model;
it is this residual component (i.e., RFI) that is often cited to represent efficiency. A
total of 1,018 animals in the present study had a liveweight measure on two
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consecutive days. The standard deviation of the per-animal difference between both
liveweight measures was 5.34 kg with a range of 18 to 22 kg; this could be considered
variation attributable to gut fill. Including such liveweight data in the models to derive
REI and RG may result in these gut fill differences (or simply noise due to weighing)
entering the efficiency metrics; using the metabolic liveweight equivalents and the
regression coefficient from the REIU model (Appendix A), such variation accounts for
up to 3 MJ/day of metabolizable energy intake. Nevertheless, deriving metabolic midtest weight from the intercept and linear regression coefficient of metabolic liveweight
measures on days on test minimizes the effect of this liveweight measurement error
when modelling REI and RG. While the weight of carcass is likely to also suffer from
random noise, it will be less influenced by gut fill; also, from a genetic evaluation
perspective, a systematic error in weighing for a given day should enter the
contemporary group effect.
In production systems where animals are being reared for slaughter, animals
that partition a greater proportion of their daily energy consumption to carcass weight
and less so to the dressing difference should be deemed more economically and feed
efficient. Animals ranked less efficient (i.e., greater REICW or greater REICWF) partition
a greater proportion of their daily MEI to maintain the dressing difference for which
producers, in general, receive little to no tangible value (Coyne et al., 2019) and could
be considered a measure of economic and production inefficiency. Moreover, while
there is a large economic cost to grow and maintain the dressing difference, there is
also a large associated carbon cost. Donoghue et al. (2016) reported phenotypic and
genetic correlations of 0.61 and 0.86, respectively, between yearling liveweight and
daily methane production in Angus cattle. Calculations from the data provided by
Donoghue et al. (2016) suggest that a 10 kg increase in yearling liveweight was
associated with a 2.47 g increase in daily methane production. Using the phenotypic
standard deviation for dressing difference in the present study and assuming a 10 kg
increase in dressing difference is associated with a 2.47 g increase in daily methane
production, the carbon cost of a heavier dressing difference can be estimated. Animals
in the upper 20% for heaviest dressing difference will, on average, produce 11.88 g
(i.e., 1.755 standard deviation units x 27.4 kg x 0.247 regression coefficient) more
daily methane per animal than animals with the average for dressing difference. This
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equates to a 1.43 kg increase in methane production per animal over a 120 day
finishing period.
In the present study, the relationships between REI type traits has been
presented but Van der Werf (2004) illustrated the mathematical equivalence of
including a feed efficiency trait such as RFI as a trait in itself in a breeding goal versus
including the individual component traits. Hence, assuming all parameters are known,
there is no difference between including RFI or its individual component traits in a
breeding goal and thus the approach actually undertaken is solely at the discretion of
the relevant stakeholders. Terminal beef indexes, however, do not tend to include
liveweight but instead include carcass weight (Amer et al., 1998; Connolly et al., 2016;
Berry et al., 2019a). Therefore, RFI defined using carcass weight maybe a better metric
to complement current beef terminal indexes
2.7 Conclusions
Residual feed intake (RFI) is a very useful metric in research studies to depict
inter-animal variability in net feed intake, however, results from the present study
suggest that using RFI as a measure of production efficiency is misleading. While the
present study used carcass weight (adjusted to a common fat score) as one of the
regressor variables in the definition of RFI to better represent true production
efficiency, replacing carcass weight with saleable red meat yield or carcass weight
weighted by the individual carcass retail cuts may be more appropriate. Judge et al.
(2019) documented clear genetic variability in retail carcass cut yields in cattle, even
after adjustment to a common carcass weight. The efficiency metric would then depict
the ability of an animal to partition more of its energy intake into a higher value
carcass. Nevertheless, REICW and REICWF are still useful phenotypic feed efficiency
metrics, for example, to rank animals on genetic merit for production efficiency and
thus group and feed accordingly; these traits could also be useful to select individuals
for breeding lines divergent in net production efficiency. Furthermore, REICW and
REICWF also have potential uses as standalone traits, separate to a breeding goal, to
market animals as production efficient for producers fattening those animals for
slaughter.
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3.2 Abstract
Few studies have attempted to quantify the association between a terminal total
merit index with phenotypic feed and production efficiency in beef cattle, particularly
when feed efficiency is itself explicitly absent as a goal trait in the index. The objective
of the present study was to quantify the differences in phenotypic performance for feed
intake, feed efficiency and carcass traits of crossbred bulls, steers and heifers differing
in a terminal total merit index. A validation population of 614 bulls, steers and heifers
that were evaluated for feed intake and efficiency in the same feedlot and subsequently
slaughtered at the end of their test period was constructed. The Irish national genetic
evaluations for a terminal index of calving performance, docility, feed intake and
carcass traits were undertaken with the phenotypic records of animals present in the
validation population masked. The validation population animals were subsequently
stratified into four groups, within sex, according to their terminal index value. Mixed
models were used to quantify the association between terminal genetic merit and
phenotypic performance; whether the associations differed by sex was also
investigated. The regression coefficient of phenotypic feed intake, carcass weight,
carcass conformation or carcass fat on its respective estimated breeding values was
0.86 kg DM/day, 0.91 kg, 1.01 units and 1.29 units, respectively, which are close to
the expectation of one. On average, cattle in the very high terminal index stratum had
a 0.63 kg DM/day lower feed intake, a 25.05 kg heavier carcass, a 1.82 unit better
carcass conformation (scale 1 to 15) and a 1.24 unit less carcass fat score (scale 1 to
15), relative to cattle in the very low terminal index stratum. Cattle of superior total
genetic merit were also more feed efficient (i.e., had a lower energy conversion ratio,
lower residual feed intake and greater residual gain), had a greater proportion of their
liveweight as carcass weight (i.e., better dressing percentage) and were slaughtered at
a younger age relative to their inferior total genetic merit counterparts. This study
provides validation of an all-encompassing total merit index and demonstrates the
benefits of selection on a total merit index for feed and production efficiency, which
imparts confidence among stakeholders in the contribution of genetic selection to
improvements in individual animal performance and efficiency.
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3.3 Introduction
Breeding objectives globally are used to select for improved performance and
efficiency (Amer et al., 2001; Berry et al., 2019a). The genetic merit of individual
animals for a whole series of traits can be collapsed into a single index value, with the
weighting on each trait in the index being a function of its relative importance (Hazel
and Lush, 1942). Index weights are usually based on relative economic importance
(Amer et al., 2001; Berry et al., 2019a). The direction of genetic change in a trait within
the breeding objective should ideally be in the direction of the weighting factor (i.e.,
negative or positive) but this might not necessarily be the case given the underlying
genetic covariances and emphasis on the trait itself as well as on correlated traits.
Moreover, genetic change for traits not explicitly included in the breeding objective is
also expected to occur if correlated with the overall breeding objective. Furthermore,
some traits may be linear combinations of individual traits. One such example is the
popular feed efficiency trait residual feed intake (RFI;(Byerly, 1941; Koch et al., 1963)
which is a linear combination of feed intake, average daily gain and metabolic
liveweight, as well as often some measure of body fat (Berry and Crowley, 2013). Van
der Werf (2004) demonstrated the mathematical equivalence of including an RFI-type
trait as a trait in a breeding goal versus including the individual component traits.
Assuming that all parameters are known, the approach taken is actually at the
discretion of the relevant stakeholders (Berry et al., 2015).
The association between genetic merit for individual traits and phenotypic
performance in beef cattle has been investigated previously (Crews, 2002; Judge et al.,
2019; McHugh et al., 2014) and several studies have demonstrated the favourable
effect of selection for improved animal performance using overall genetic merit
selection indexes (Berry and Ring, 2020; Connolly et al., 2016). Connolly et al. (2016)
for example, using a national database, illustrated that genetically elite cattle (i.e., top
25% for a terminal index) had, on average, heavier and better conformed carcasses,
with less fat cover, relative to animals of low genetic merit (i.e., bottom 25% for a
terminal index). Berry et al. (2019b) extended this, documenting heavier yields of
higher value primal carcass cuts in cattle excelling on the Irish terminal index.
Nevertheless, apart from experimental studies with a relatively small number of
animals (Clarke et al., 2009a), few have attempted to quantify the association between
animal total merit index, feed intake, and efficiency in beef cattle.
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The objective of the present study was to fill a gap in the scientific literature
by quantifying the differences in phenotypic performance, especially feed and
production efficiency-related traits as well as carcass-related traits, in young crossbred
bulls, steers and heifers differing in total genetic merit for a terminal index. The
terminal index investigated was that used in Ireland, which is typical of terminal-type
indexes used globally, constituting traits associated with calving performance, feed
intake, and carcass merit, as well as some ancillary traits such as docility. Of particular
interest in the present study is whether feed efficiency is improving in a selection index
that does not explicitly include a feed efficiency trait, but instead includes feed intake
alongside output-related traits (i.e., carcass weight corrected to a constant age).
3.4 Materials and Methods
The data used in the present study were obtained from an existing database
managed by the Irish Cattle Breeding Federation (ICBF). Therefore, it was not
necessary to obtain animal care and use committee approval in advance of conducting
this study.
3.4.1 National genetic evaluations
The Irish terminal index is an economic-based selection index designed to
identify animals excelling genetically in expected profitability of their progeny at
slaughter. This index has been implemented and operated by the ICBF in Ireland since
2012. Genetic evaluations in Ireland are multibreed and are undertaken on carcass,
live-animal linear scores, feed intake, docility, calving performance, milking ability
and cow fertility traits using the MiX99 software suite (MiX99 Development Team,
2015). As the vast majority of beef cattle in Ireland are crossbred, and a substantial
transfer of genetic material takes place between Irish beef and dairy herds (Berry et
al., 2006), all genetic evaluations adjust for heterosis and recombination loss, as well
as breed differences, through the use of genetic groups in the genetic evaluations.
Further details on the national beef genetic evaluations are provided in (Evans et al.,
2007; 2009)
Estimated breeding values (EBV) for feed intake (kg dry matter/day), carcass
weight (kg), carcass conformation [scale 1 (poor) to 15 (excellent)], and carcass fat
[scale 1 (thin) to 15 (fat)] are estimated in a 29×29 multi-trait genetic evaluation which
also includes 6 liveweight traits, 3 animal auction price traits, 3 composite linear76

scored traits, ultrasound muscle depth, 3 cull cow carcass traits, 4 primal-cut yield
traits, as well as foreign EBVs. Estimated breeding values for docility in growing
animals are obtained using a multi-trait evaluation that includes the traits of producerscored weanling docility (scale 1 to 5), weanling docility scored by professional
classifiers (scale 1 to 10), and producer-scored cow docility (scale 1 to 5). All docility
traits were subjectively assessed, with 1 representing aggressive animals and higher
scores representing more docile animals. The EBVs for calving difficulty, mortality,
and gestation length are estimated in a 7 × 7 multi-trait evaluation that includes direct
calving difficulty, birth weight and other predictor liveweight traits, as well as carcass
weight. The current national genetic evaluations use approximately 5.7 million calving
records, 8.6 million carcass records, 1.9 million weanling docility records and 6,286
feed intake records. Feed intake records used in the national genetic evaluation
originate from the national bull performance test station (pre-2012) which was
replaced by the national progeny performance test station (post-2011). The protocols,
diets and data editing procedures are described, in detail, by both Crowley et al. (2010)
and Kelly et al. (2019) but are also outlined briefly here.
3.4.2 Phenotypic data used in the present study
Feed intake, liveweight, carcass and ultrasound data were available for animals
that were on test for feed intake at the National Bull Performance Test Centre (19832011) and ICBF Gene Ireland Progeny Test Centre (2012 - present); no feed intake,
liveweight or ultrasound data were available for the transitionary period of October
2011 to July 2012.
Prior to 2012, bulls entered the test station in, on average, 3 different strata
annually, hereafter referred to as batches. There were 2 to 5 bulls per pen, assigned
based on breed and liveweight, and all 40 pens were equipped with a Calan Broadbent
gate system (American Calan, Northwood, NH) for recording individual bull feed
intake. Bulls were initially fed 4.5 to 6.0 kg of concentrates daily, an allowance which
was increased daily by 10% of the previous day’s allowance. The test started once ad
libitum levels of feed intake were reached and the test period ranged from 83 to 225
days long. A daily allowance of 1.5 kg fresh weight of hay per bull was added to the
Calan Broadbent feeder throughout the test period and access to clean fresh water was
also provided ad libitum. Animals were weighed fortnightly between 1992 and 1995,
every 21 days between 1995 and 2005, fortnightly between 2005 and 2008 and every
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21 days between 2008 and 2011. All hay was assumed to have a dry matter (DM) of
85% and a metabolizable energy concentration of 8.6 MJ/kg DM. The concentrates
offered to bulls between September 1992 and September 2002 was assumed to have a
DM of 87.5% and a metabolizable energy concentration of 12.1 MJ/kg DM, whereas
the concentrates offered to bulls between October 2002 and September 2011 was
assumed to have a DM of 86% and a metabolizable energy concentration of 14.5
MJ/kg DM. Where feed energy composition was available, daily metabolizable energy
intake (MEI) for each bull was calculated as the sum of daily hay dry matter intake
(DMI) multiplied by hay metabolizable energy concentration and daily concentrate
DMI multiplied by concentrate metabolizable energy concentration.
The test centre changed function in 2012 from a performance test centre to a
progeny test centre, accommodating sexes other than bulls. Young bulls, steers and
heifers were purchased by the ICBF from Irish commercial cattle producers from
August 2012 onwards. The animals entered the progeny test station in batches, where
they were evaluated for feed intake and growth. All animals within each batch started
their test together and all animals within a batch were slaughtered within a week of
each other at the end of their test period. Each batch was composed of one sex and was
grouped by birth-date where the maximum range in age was 2 months. On arrival at
the test centre all cattle were placed in pens, based on liveweight and breed, and
subsequently underwent an acclimatization period of between 21 and 30 days, to adapt
to the feeding system and environment. The actual test period ranged from 77 days to
90 days. There were 4 to 6 animals per pen, across a total of forty pens; thirty pens
were equipped with two automatic feed stations (RIC Feed-Weigh Trough, Hokofarm
Group BV, Marknesse, The Netherlands) and a further ten pens were equipped with a
Calan Broadbent gate system (American Calan, Northwood, NH). Only young bulls
were fed through the Calan Broadbent gate system while all steers, heifers, and some
bulls were fed through the automatic feed stations. Access to clean, fresh water was
provided ad libitum for every pen in the test centre, with one water trough shared
between two adjacent pens.
In the test station, all animals were weighed, on average, every 7 days between
August 2012 and August 2013, every 21 days between September 2013 and December
2017 and every 7 days in 2018 and 2019. All hay fed to young bulls, steers and heifers
was assumed to have a DM of 86% and a metabolizable energy concentration of 8.6
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MJ/kg DM. The concentrates offered to bulls between August 2012 and July 2019 was
assumed to have DM of 86% and a metabolizable energy concentration of 14.1 MJ/kg
DM. Daily MEI for each bull was calculated as the sum of daily hay DMI multiplied
by hay metabolizable energy concentration and daily concentrate DMI multiplied by
concentrate metabolizable energy concentration. The total mixed ration fed to all steers
and heifers was assumed to have a dry matter of 51% and a metabolizable energy
concentration of 12.1 MJ/kg DM. For steers and heifers, the daily MEI per animal was
defined as daily DMI multiplied by the energy concentration of the total mixed ration.
All hay DM values were provided by the hay supplier and hay energy values were
derived from feed tables (Sauvant et al., 2004); concentrate energy and dry matter
values were obtained from the feed manufacturer. Further details of the feeding and
management of animals while in the acclimatization period and while on test, as well
as the operation of the automatic feed stations, are described in detail by Kelly et al.
(2019).
3.4.3 Validation dataset
For the purposes of constructing a validation population, only animals that
were on test for feed intake at the ICBF Progeny Test Centre and slaughtered at the
end of their test between the calendar years of 2017 to 2019, inclusive, were
considered. Additionally, only animals with known parents were retained and data
from 174 animals that were direct progeny of a non-beef dam (i.e., Friesian, Friesian
cross, Jersey, Jersey cross, Montbeliarde, Montbéliarde cross, Norwegian Red,
Norwegian Red cross, Rotbunte, and Rotbunte cross) were removed from all analyses,
as they would have experienced a very different early-life production system which
would then be confounded with total merit. All animals had to have at least 3
liveweight records taken during the test period; the most recent liveweight before the
test period was retained if it was recorded within 7 days of the start of the test period.
Data from 11 animals were removed due to abnormal growth rates, where the r-squared
of a linear regression through their liveweight records was <0.90, as discussed by Kelly
et al. (2019). Data from 8 animals identified as sick from a combination of their growth
and liveweight records were also removed from all analyses.
Following all edits, feed intake, liveweight, and carcass related records were
available on 614 animals, 234 of which were young bulls, 129 were heifers and 251
were steers. In order to maximize the number of feed intake records used in the genetic
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evaluation the national genetic evaluations for carcass traits and feed intake were rerun three times. In each instance, the phenotypes of either the 234 young bulls, the 129
heifers or the 251 steers in the validation dataset were masked such that their EBVs
were calculated from relatives with phenotypes. The national evaluations for calving
traits and docility were executed with the phenotypes of animals in the validation
dataset also masked in the evaluation. Approximate reliabilities were generated in
MiX99 which used the method described by Tier and Meyer (2004), as per the Irish
national genetic evaluations. A terminal index for each animal was then constructed as
the sum of each trait’s EBV multiplied by the respective economic weight generated
from the Grange Beef Model (Crosson et al., 2006) and used in the construction of the
current Irish terminal index:
Terminal Index = – (€4.65 × calving difficulty EBV)
– (€2.25 × gestation length EBV)
– (€5.34 × mortality EBV)
+ (€17.02 × docility EBV)
– (€38.63 × feed intake EBV)
+ (€3.14 × carcass weight EBV)
+ (€14.77 × carcass conformation EBV)
– (€7.86 × carcass fat EBV).
The economic weights and relative emphasis for each trait in the terminal index
are summarized in Table 3.1. It should be noted that the actually deployed terminal
index in Ireland is based on predicted transmitting ability values but, for the present
study, EBVs were used since the animals themselves (i.e., not their progeny) are the
experimental unit for validation. The validation population animals were stratified,
within sex, into four terminal index strata of equal size based on their calculated total
merit index as: 1) very high terminal index, 2) high terminal index, 3) low terminal
index and 4) very low terminal index. A new variable was created per animal, which
was a covariate expressed relative to a certain terminal index value within each
stratum, so that the difference in terminal index between all adjacent strata was
equivalent. This covariate was used in the statistical models with the objective of
enabling the testing for linearity of associations across all strata.
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Table 3.1. The economic weights and relative emphasis of the traits included in the
terminal index.
Trait
Calving Difficulty, % 1
Gestation Length, day
Mortality, % 2
Docility, scale 1-5 3
Daily feed Intake, kg DM/day
Carcass Weight, kg
Carcass Conformation, scale 1-15 4
Carcass Fat, scale 1-15 4

Economic Weight,
€/trait unit
– 4.65
– 2.25
– 5.34
17.02
– 38.63
3.14
14.77
– 7.86

Relative Emphasis,
%
18
4
3
2
16
41
11
5

1

Percentage of progeny records that are 3 or 4 on a 1-4 scale; a score of 1 represents a normal calving
and a score of 4 represents veterinary assistance at calving.
2
Percentage of calves stillborn or dead within 5 days of birth
3
A score of 1 represents aggressive animals and a score of 5 represents docile animals
4
A score of 1 represents poor conformation or a lean carcass, and a score of 15 represents a well
conformed or fat carcass.

3.4.4 Trait definitions
Carcass weight (kg) was measured, on average, one hour post-slaughter. Video
image analysis in a mechanical grading system was used to determine the carcass
conformation and carcass fat class of each animal which were both defined using the
EUROP carcass classification system (Pabiou et al., 2011). Carcass conformation and
carcass fat were both represented on a scale from 1 to 15 (Englishby et al., 2016). For
both scales, a score of 1 denotes poor conformation and a low level of fat cover, while
a score of 15 denotes excellent conformation and a high level of fat cover. Ultrasound
measurements of fat depth, eye muscle depth, and intramuscular fat were recorded on
the live animals as described by Kelly et al. (2019). In the present study, only 422
animals from the validation population had ultrasound records, and just the last record
of each ultrasound measurement pre-slaughter was retained for each animal. As
defined by Coyne et al. (2019), dressing difference (kg) was calculated as the animal’s
final liveweight pre-slaughter, minus its carcass weight. Dressing percentage (%) was
defined as the carcass weight divided by the animal’s final liveweight pre-slaughter.
Five days was the longest time period between the recording of pre-slaughter
liveweight and carcass weight in the present study.
Average daily gain (ADG) was calculated, per animal, as the linear regression
coefficient from a simple linear regression of liveweight records on days on test (Kelly
et al., 2019). Mid-test metabolic liveweight (MBW; i.e., liveweight0.75) was
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represented as the predicted metabolic liveweight 35 days before the end of the test,
derived from the intercept and linear regression coefficient of metabolic liveweight
measures on days on test. Energy conversion ratio (ECR) was defined as MEI divided
by ADG, Kleiber ratio was calculated as ADG divided by MBW and relative growth
rate (RGR) was calculated as:
RGR = 100 × [

log e (end test liveweight) − log e (start test liveweight)
]
days on test

Residual feed intake (RFI) is defined as the difference between each animal’s
actual energy intake and their predicted energy intake (Arthur et al., 2001a; Koch et
al., 1963). In the present study residual energy intake (REI) was calculated using the
same principle but where feed intake was substituted by energy intake. The traditional
definition of REI was calculated as the residuals from a multiple linear regression of
MEI on both MBW and ADG:
REI = MEI – (𝛽0 + 𝛽1 𝑀𝐵𝑊 + 𝛽2 𝐴𝐷𝐺 + 𝑏𝑎𝑡𝑐ℎ)
where 𝛽0 represents the intercept and 𝛽1and 𝛽2 represent the respective partial
regression coefficients of MEI on MBW and ADG. Where ultrasound records were
available, a separate trait of REI adjusted for ultrasound fat depth (REIU) was
calculated as already described for REI except ultrasound fat depth was itself included
as a covariate as well as in a two-way interaction with both ADG and MBW (Savietto
et al., 2014). Residual gain (RG) is defined as the difference between an animal’s
actual growth rate and predicted growth rate (Koch et al., 1963; Crowley et al., 2010)
and was calculated as the residuals from a multiple linear regression of ADG on both
MBW and MEI:
RG = ADG – (𝛽0 + 𝛽1 𝑀𝐵𝑊 + 𝛽2 𝑀𝐸𝐼 + 𝑏𝑎𝑡𝑐ℎ)
where 𝛽0 represents the intercept and 𝛽1and 𝛽2 represent the respective partial
regression coefficients of ADG on MBW and MEI. Where ultrasound records were
available, a separate trait of RG adjusted for ultrasound fat depth (RGU) was calculated
as already described for RG except that ultrasound fat depth was itself also included
as a covariate and in a two-way interaction with both MEI and MBW. Residual intake
and gain (RIG) was calculated as RG - REI, each standardized to a variance of 1 (Berry
and Crowley, 2012). Additionally, residual intake and gain adjusted for ultrasound fat
depth (RIGU) was calculated as RGU - REIU, each standardized to a variance of 1.
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A general heterosis and recombination loss coefficient were calculated for each
animal as:
1 − ∑ni=1 sirei × dami and

1 − ∑ni=1

( sirei 2 ×dami 2 )
2

where sirei and dami are the proportion of breed i in the sire and dam, respectively
(VanRaden and Sanders, 2003). Heterosis was divided into 12 classes (0%, >0% and
≤10%, >10% and ≤20%,… >90% and <100%, and 100%), and recombination loss was
divided into 7 classes (0%, >0% and ≤10%, >10% and ≤20%, >20% and ≤30%, >30%
and ≤40%, >40% and ≤50%, and >50%).
3.4.5 Statistical analyses
The associations between terminal index stratum and each phenotypic
performance trait was determined using linear mixed models with PROC MIXED in
SAS (SAS Institute Inc., Cary, NC). Fixed effects included in all models were terminal
index stratum (very high, high, low, very low), dam parity (1, 2, 3, 4, ≥ 5), animal sex
(bull, steer, or heifer), heterosis class, recombination loss class, and month of age at
slaughter (except when age at slaughter was the dependent variable). Batch (i.e.,
contemporary group) was included as a random effect in all analyses, apart from when
any of the residual-related efficiency traits were the dependent variable since batch
had already been considered in their derivation. A two-way interaction between
terminal index stratum and animal sex was also tested to evaluate if the association
between performance and terminal index differed by animal sex. In a subsequent
analysis, carcass weight was also included as a covariate and in a two-way interaction
with sex when age at slaughter was the dependent variable. When terminal index was
included in the model as a class variable, the previously defined covariate was also
fitted which reflected the difference between each animal’s terminal index value
relative to a value within each stratum such that the difference in terminal index value
between each adjacent stratum was equivalent. In a separate series of analyses, the
independent variable of terminal index stratum was replaced with the continuous
variable for either terminal index, feed intake EBV, carcass weight EBV, carcass
conformation EBV, or carcass fat EBV.
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3.5 Results
The average age at slaughter (± standard deviation) in the current study was
461 days (± 26.28 days) for bulls, 537 days (± 56.11 days) for heifers and 572 days (±
45.24 days) for steers. The average carcass weight was 388.4 kg (± 49.20 kg), 325.1
kg (± 37.50 kg) and 359.9 kg (± 37.91 kg) for bulls, heifers and steers, respectively.
The mean reliability estimate (± standard deviation) for the EBVs of the validation
animals for feed intake, carcass weight, carcass conformation and carcass fat was 0.19
(± 0.03), 0.30 (± 0.02), 0.29 (± 0.03) and 0.28 (± 0.03), respectively.
3.5.1 Impact of terminal index strata
The difference in mean terminal index value between adjacent terminal index
strata was €43.72, which is marginally greater than half the standard deviation of the
terminal index; the standard deviation of the current Irish terminal index, on an EBV
scale, is €81. The associations between all of the performance, efficiency, carcass and
ultrasound traits with terminal index as a class variable did not differ (P > 0.05) by sex
in the present study; hence, only results across all sexes are discussed further.
Nonetheless, the least squares means calculated within each sex (i.e., bull, steer, heifer)
for the performance, efficiency, carcass and ultrasound traits are presented in
Appendix C, Appendix D, and Appendix E.
Least squares means for performance, efficiency, carcass and ultrasound traits
for animals stratified by terminal index across sexes are summarized in Table 3.2.
Across all of the terminal index strata, cattle did not differ (P > 0.05) in ADG, MBW,
or final liveweight pre-slaughter. Cattle in the top 25% for the terminal index, however,
consumed 0.63 kg DM/day (SED = 0.17 kg DM/day) less, and correspondingly 7.97
MJ/day (SED = 2.12 MJ/day) less than cattle in the bottom 25%. Furthermore, relative
to cattle in the very low genetic merit stratum, cattle in the very high genetic merit
stratum were slaughtered 7.17 day (SED = 2.81 day) younger. The difference in age at
slaughter between extreme terminal index strata increased to 10.23 days (SED = 2.85
day) when carcass weight was included as a covariate in the model. Both age at
slaughter and age at slaughter adjusted to a common carcass weight increased
approximately linearly with increasing terminal index value.
There were no differences in RGR or Kleiber ratio between the different
terminal index strata, but for all other feed efficiency traits the cattle in the very high
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genetic merit stratum were more feed efficient than cattle in the very low genetic merit
stratum; in fact, the least squares mean for these efficiency traits increased linearly per
incremental improvement in terminal index stratum. Relative to cattle in the very low
terminal index stratum, cattle in the very high stratum had a 9.71 unit (SED = 1.97
unit) lower ECR, a 9.06 MJ/day (SED = 1.47 MJ/day) lower REI and 0.10 kg/day
(SED = 0.027 kg/day) greater RG.
Cattle in the very high terminal index stratum had heavier, leaner and more
conformed carcasses relative to cattle in the very low terminal index stratum. Cattle in
the very high terminal index stratum had, on average, a 25.02 kg (SED = 4.35 kg)
heavier carcass weight, a 16.97 kg (SED = 3.63 kg) lighter dressing difference and
subsequently a 3.22 % (SED = 0.25 %) greater dressing percentage, relative to cattle
in the very low terminal index stratum. The difference in least squares means between
adjacent strata on terminal index was approximately the same going from very low to
very high index. Higher index cattle had a greater ultrasound muscle depth (P < 0.001)
and both a lower ultrasound fat depth (P < 0.001) and a lower intramuscular fat
percentage (P < 0.001) than cattle of lower total genetic merit.
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Table 3.2. Least squares phenotypic means1 and pooled SE of the difference between
least squares means (SED) for performance, efficiency, carcass, and ultrasound traits
for very low, low, high, and very high terminal index animals.
Trait2
Performance
Average daily gain, kg/day
Dry matter intake, kg/day
Metabolizable energy intake,
MJ/day
Metabolic liveweight, kg0.75

Very Low

Low

High

Very
High

SED

Pre-slaughter liveweight, kg
Age at slaughter3, day
Adjusted age at slaughter4, day

1.57
12.59a
158.30a
120.0
651.5
529a
531a

1.59
12.44ab
156.56ab
121.9
663.7
527a
527ab

1.57
12.03bc
151.36bc
119.9
649.9
525a
525bc

1.63
11.96c
150.33c
121.0
659.5
522b
521c

0.033
0.169
2.113
1.033
7.274
2.805
2.787

Efficiency
Energy conversion ratio
Relative growth rate
Kleiber ratio
Residual energy intake, MJ/day
REIU, MJ/day
Residual gain, kg/day
RGU, kg/day
Residual intake and gain
RIGU

106.03a
0.290
0.0131
3.42a
1.27a
-0.02a
-0.02a
-0.41a
-0.21a

103.92a
0.289
0.0131
0.03b
0.06ab
-0.01a
-0.01a
-0.03ab
-0.06a

101.47ab
0.287
0.0130
-2.70b
-1.43ab
0.00a
-0.01a
0.25b
0.07a

96.32b
0.299
0.0136
-5.64c
-4.64b
0.08b
0.05b
0.85c
0.69b

1.965
0.006
0.0003
1.477
1.795
0.028
0.031
0.198
0.259

357.21a
9.33a
7.83a
293.89a
54.90a

369.80b
10.05b
7.44b
293.44a
55.75b

370.58b
10.63c
6.96bc
278.78b
57.14c

382.23c
11.16d
6.59c
276.92c
58.12d

4.339
0.146
0.154
3.625
0.247

5.45a
75.22a
6.04a

4.92b
77.07ab
5.84ab

4.23c
79.76bc
5.43bc

3.87c
80.90c
5.15c

0.189
0.939
0.174

Carcass
Carcass weight, kg
Carcass conformation, scale 1-15
Carcass fat, scale 1-15
Dressing difference, kg
Dressing percentage, %
Ultrasound
Ultrasound fat depth, mm
Ultrasound muscle depth, mm
Intramuscular fat, %
a-d

Least squares means within a row with different subscripts differ (P < 0.05).
Referrent animal was a purebred steer from a 3rd parity dam slaughtered at 20 months of age.
2
REIU = residual energy intake adjusted for ultrasound fat depth; RG U = residual gain adjusted for
ultrasound fat depth; RIGU = residual intake and gain adjusted for ultrasound fat depth.
3
Referent animal was a purebred steer from a 3rd parity dam.
4
Referent animal was a purebred steer from a 3 rd parity dam slaughtered at a carcass weight of 360 kg.
1

3.5.2 Effect of terminal total genetic merit as a continuous variable
The phenotypic change in the performance, efficiency, ultrasound, and carcass
traits with each unit change in terminal index value is summarized in Table 3.3. The
phenotypic change in ADG, MBW, pre-slaughter liveweight, Kleiber ratio and RGR
for each unit change in terminal index value was not different (P > 0.05) from zero
consistent with what was observed when genetic merit was treated as a class effect. A
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€10 greater terminal index was associated with a 0.69 MJ/day (SE = 0.15 MJ/day)
lower MEI and a 0.055 kg/day (SE = 0.012 kg/day) lower DMI. Every €10 increase in
terminal index value was associated with a 0.69 unit (SE = 0.14) lower ECR, a 0.70
MJ/day (SE = 0.10 MJ/day) lower REI and a 0.092 unit (SE = 0.014) greater RIG. The
phenotypic change in each of REI, RG, RIG, and RIGU for each unit change in terminal
index was in the same direction for all sexes but did differ (P > 0.05) between bulls
and steers with a stronger association in bulls. The absolute value of the phenotypic
change in age at slaughter with every unit increase in terminal index increased from
0.058 days (SE = 0.020) to 0.079 days (SE = 0.020) when carcass weight was included
as a covariate in the mixed model. As terminal index value increased, phenotypic
carcass weight increased (P < 0.001) concomitant with a reduction (P < 0.001) in
dressing difference. Both carcass fat and ultrasound fat depth reduced (P < 0.001) with
increasing terminal index value, although the change in ultrasound fat depth differed
(P = 0.011) between bulls and steers; each unit increase in terminal index was
associated with a 0.0092 mm (SE = 0.002 mm) reduction, and 0.016 mm (SE = 0.002
mm) reduction in ultrasound fat depth for bulls and steers, respectively.
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Table 3.3. The phenotypic change (SE in parentheses) in the performance, efficiency, carcass and ultrasound traits for a one unit change in terminal
index for all animals, bulls, heifers, and steers.
Trait1

88

Performance
Average daily gain, kg/day
Dry matter intake, kg/day
Metabolizable energy intake, MJ/day
Metabolic liveweight, kg0.75
Pre-slaughter liveweight, kg
Age at slaughter, day
Adjusted age at slaughter, day
Efficiency
Energy conversion ratio
Relative growth rate
Kleiber ratio
Residual energy intake, MJ/day
REIU, MJ/day
Residual gain, kg/day
RGU, kg/day
Residual intake and gain
RIGU
Carcass
Carcass weight, kg
Carcass conformation, scale 1-15
Carcass fat, scale 1-15
Dressing difference, kg
Dressing percentage, %

All animals

Bulls

Heifers

Steers

0.00027 (0.00023)
-0.0055 (0.0012)
-0.069 (0.015)
0.019 (0.051)
0.0020 (0.0073)
-0.058 (0.020)
-0.079 (0.020)

0.00023 (0.00038)
-0.0064 (0.0019)
-0.089 (0.024)
0.0053 (0.012)
0.042 (0.083)
-0.024 (0.032)
-0.044 (0.032)

0.00064 (0.00047)
-0.0062 (0.0024)
-0.075 (0.030)
0.002 (0.015)
0.039 (0.11)
-0.085 (0.04)
-0.11 (0.041)

-0.00006 (0.00033)
-0.0038 (0.0017)
-0.044 (0.021)
-0.0015 (0.010)
-0.024 (0.072)
-0.066 (0.027)
-0.087 (0.027)

-0.069 (0.014)
0.000039 (0.000044)
0.0000018 (0.0000018)
-0.070 (0.010)
-0.048 (0.012)
0.00066 (0.00019)
0.00044 (0.00022)
0.0092 (0.0014)
0.0068 (0.0018)

-0.051ab (0.022)
0.000018 (0.000072)
0.0000009 (0.0000030)
-0.096a (0.017)
-0.061 (0.019)
0.0011a (0.00032)
0.00079 (0.00033)
0.013a (0.0023)
0.0097a (0.0027)

-0.119a (0.028)
0.000126 (0.000091)
0.0000057 (0.0000038)
-0.076ab (0.021)
-0.066 (0.026)
0.0007ab (0.0004)
0.00065 (0.00045)
0.010ab (0.0028)
0.0096ab (0.0037)

-0.038b (0.019)
-0.00003 (0.000062)
-0.0000011 (0.0000026)
-0.036b (0.014)
-0.016 (0.019)
0.0001b (0.00027)
-0.00012 (0.00033)
0.004b (0.0019)
0.0011b (0.0027)

0.17 (0.031)
0.013 (0.0010)
-0.0097 (0.0011)
-0.15 (0.026)
0.025 (0.0017)

0.20 (0.050)
0.013 (0.0017)
-0.011 (0.0017)
-0.16 (0.042)
0.026 (0.0028)

0.17 (0.063)
0.014 (0.0021)
-0.008 (0.0022)
-0.13 (0.052)
0.025 (0.0035)

0.15 (0.043)
0.014 (0.0014)
-0.01 (0.0015)
-0.17 (0.036)
0.025 (0.0024)

Table 3.4 (Continued). The phenotypic change (SE in parentheses) in the performance, efficiency, carcass and ultrasound traits for a one
unit change in terminal index for all animals, bulls, heifers, and steers
Ultrasound
Ultrasound fat depth, mm
Ultrasound muscle depth, mm
Intramuscular fat, %
a-b

-0.012 (0.0013)
0.046 (0.0065)
-0.0072 (0.0012)

-0.0092a (0.0020)
0.058 (0.0099)
-0.0076 (0.0018)

-0.012ab (0.0026)
0.045 (0.013)
-0.0055 (0.0025)

-0.016b (0.002)
0.035 (0.010)
-0.0083 (0.0019)

Regression coefficients within a row with difference superscripts differ (P > 0.05).
REIU = residual energy intake adjusted for ultrasound fat depth; RGU = residual gain adjusted for ultrasound fat depth; RIGU = residual intake and gain adjusted for ultrasound
fat depth.
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3.5.3 Validation of feed intake and carcass-related estimated breeding values
The phenotypic change in either dry matter intake, carcass weight, carcass
conformation or carcass fat per unit change in its respective EBV did not differ by
animal sex (P > 0.05). A 1.0 kg DM/day increase in feed intake EBV was associated
with a 0.86 kg DM/day (SE = 0.11) and an 11.01 MJ/day (SE = 1.41) increase in
phenotypic dry matter intake and MEI, respectively. A one unit increase in carcass
weight EBV was associated with, on average, a 0.91 kg (SE = 0.11) increase in
phenotypic carcass weight. Each one unit increase in carcass conformation EBV value
was associated with a 1.01 unit (SE = 0.061) increase in phenotypic carcass
conformation and similarly, a one unit increase in carcass fat EBV was associated with
a 1.29 unit (SE = 0.095) increase in phenotypic carcass fat.
3.6 Discussion
Total merit indexes in cattle, especially beef indexes, are not often validated
using phenotypic data (Berry and Ring, 2020). Furthermore, the association between
rank on total merit index and phenotypic feed efficiency has not been previously
quantified in large cohorts of beef cattle. A plethora of studies have estimated genetic
parameters for efficiency traits, such as feed conversion ratio, RFI and RG, across
multiple cattle populations [see Berry and Crowley (2013) for review], all of which
suggest that inter-animal genetic differences do exist. Genetic covariances between
performance and efficiency traits also exist in cattle [for review see Berry and Crowley
(2013)]. While the associations between terminal index and both performance and
efficiency estimated in the present study could, theoretically, have been deduced from
selection index theory, these calculations would need to assume that a) (co)variance
components are known without error, b) genetic differences translate precisely into
phenotypic differences, and c) the relationships among traits that constitute the index
are linear as dictated by the correlations used in the calculations.
Much of the narrative on breeding for feed efficiency revolves around explicit
direct selection for a feed efficiency trait such as RFI (Van der Werf, 2004).
Nonetheless, Van der Werf (2004) mathematically demonstrated the equivalence of
including either RFI or its component traits (i.e., feed intake, growth rate, and
metabolic liveweight) in a selection index, assuming no fixed effects were in the
model. The results from the present study confirm this assertion, in that the terminal
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index used in Ireland has enabled the breeding of more feed efficient (i.e., lower RFI
and lower REI) cattle, even when RFI and/or REI has not been explicitly included in
the index itself. As RFI may be a relatively difficult concept of feed efficiency to
understand by the end-user, including feed intake rather than RFI in a selection index
may be considered a more intuitive strategy to implement in a terminal breeding
objective (Berry et al., 2015).
Since the unit of genetic merit in the present study was EBV, the close to unity
regression coefficient of phenotypic performance on its respective EBV across all
sexes was desired and expected, even considering that the EBV reliability estimates
were relatively low. Such a relationship between genetic merit and the respective
phenotypic performance has been previously verified in cattle by Connolly et al.
(2016), Crews (2002), and McHugh et al. (2014). The genetic standard deviation of
feed intake in the national genetic evaluation is 1.29 kg DM/day; the expected mean
difference between the top and bottom 10% of a normal distribution is 3.51 standard
deviation units. Therefore, the expected mean phenotypic difference in EBV for feed
intake between extreme deciles is 3.89 kg DM/day (i.e., 1.29 kg DM/day × 3.51
standard deviation units × 0.86 regression coefficient). Such a difference represents
31.7 % of the mean feed intake of 12.28 kg DM/day in the present study.
3.6.1 Benefits of improved feed and production efficiency within a terminal total
merit index
Results from the present study clearly demonstrate that the terminal index used
in Ireland is enabling the selection of more feed efficient cattle that yield heavier
carcasses of better quality; this terminal index is similar to other terminal indexes used
globally (Amer et al., 1998; Ochsner et al., 2017). The results from the present study
regarding the relationship between terminal index genetic merit and feed efficiency
also corroborate those of Clarke et al. (2009a), based on a relatively small controlled
experiment study of 107 animals divergent for a previous Irish terminal index.
Although Clarke et al. (2009a) reported that there was no difference in dry matter
intake between progeny of high and low genetic merit sires, RFI was reported to
improve with increasing sire genetic merit for their terminal index comprised of
weaning weight, dry matter intake, carcass weight, carcass conformation and carcass
fat. In the terminal total merit index described in the present study, there is a dual
benefit for feed and production efficiency; not only are beef cattle of higher total
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genetic merit more efficient per day, they are also more efficient across the entire
finishing period in that they are slaughtered at a younger age, even at a common
carcass weight. The higher terminal index cattle were marginally younger at the start
of the test period and as there was no association between initial test weight and
terminal genetic merit in the present study, this suggests that the higher terminal index
cattle had a better early life or pre-test growth rate. Such traits were not analysed in
the present study but possibly would have contributed to the younger age at slaughter
of the higher genetic merit cattle. The dual-benefit of reduced feed intake per day and
reduced number of days of feeding in the high genetic merit cattle also has implications
for improved environmental sustainability (Berry et al., 2015).
Donoghue et al. (2016) demonstrated a positive genetic correlation between
feed intake and daily methane production in growing beef cattle. Thus, as the higher
genetic merit cattle in the current study ate less per day, they are also expected to have
a lower daily methane output, relative to their lower genetic merit contemporaries.
Furthermore, while the genetically elite cattle are expected to emit less methane per
day, because they are slaughtered at a younger age, they would also be producing
methane (and other compounds which affect the environment or water quality) for
fewer days. Much like the fact that improvements in feed efficiency (i.e., lower REI,
lower ECR, greater RIG) are being achieved in beef cattle in Ireland without the
explicit inclusion of a feed efficiency trait in the terminal index, a lower environmental
footprint of genetically elite animals is also likely, even without the direct inclusion of
an environmental trait in the breeding objective. Undoubtedly, faster genetic gain
should be possible by directly including an appropriate trait, such as daily methane
output, explicitly reflecting environmental footprint.
3.6.2 Benefits of improving carcass yield and quality in a terminal total merit index
The superior carcass metrics of the animals excelling in the terminal index in
the present study have also previously been demonstrated by Connolly et al. (2016).
Using a national database, Connolly et al. (2016) reported that cattle in the very high
genetic merit stratum for a terminal index had a 37.1 kg heavier carcass weight, a 1.98
units superior carcass conformation (scale 1 to 15) and a 1.33 units less carcass fat
(scale 1 to 15), relative to cattle in the very low genetic merit stratum. The smaller
differences between the very high and very low genetic merit strata reported in the
present study for the same index and the same traits, is likely due to the fact that the
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difference in terminal index value between adjacent terminal index strata in Connolly
et al. (2016) was approximately 17% greater than that in the present study (€51.30
versus €43.72). Although, Connolly et al. (2016) did include both beef and dairy origin
animals in their study, which would have contributed to the larger phenotypic
differences between terminal index strata, terminal index strata in their study were
balanced for animal origin to overcome confounding between terminal index strata and
whether the animal was born into a beef or dairy herd. Furthermore, Connolly et al.
(2016) did observe a 0.017 days (± 0.007 day) older age at slaughter in beef origin
cattle with each increase in terminal index value, which was in contrast to the 0.058
younger age at slaughter for each unit increase in terminal index in the current study.
This discrepancy may be due to the fact that both dairy and beef animals were together
included in the analyses by Connolly et al. (2016).
Where cattle are destined for slaughter, not only are heavier and more
conformed carcasses generally desired, but a greater dressing percentage is also
preferred as it implies a larger proportion of the animal’s liveweight materializes as
saleable carcass yield (Coyne et al., 2019). The higher terminal index cattle in the
present study had a greater dressing percentage which was achieved through the
generation of not only a heavier carcass, but also a lighter dressing difference, while
pre-slaughter liveweight did not differ between terminal index strata. The dressing
difference is of little actual value to the producer (Coyne et al., 2019) and, as it is a
component of the liveweight of the animal, it also has an associated environmental
cost since it reflects a part of the maintenance value of an animal.
Judge et al. (2019) demonstrated that carcass conformation in cattle is strongly
genetically correlated to the weight of primal carcass cuts (e.g. striploin, fillet,
topside), even when corrected to a common carcass weight. Therefore, as the higher
terminal index cattle in the present study had better carcass conformation, they were
expected to yield a greater quantity of higher value primal carcass cuts than their lower
terminal index counterparts. In fact, Connolly et al. (2019) reported that animals in the
top 25% for a terminal index had a greater predicted yield of higher value carcass cuts
as well as more total meat yield, relative to animals in the bottom 25%; cut yields were
predicted from video image analysis (Pabiou et al., 2011). Similarly, Berry et al.
(2019b), using actual primal cut weight data, reported that the weight of primal cuts
increased almost linearly with increasing genetic merit for a total merit terminal index.
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Thus, beef cattle of high total genetic merit for a terminal index are expected to yield
carcasses of superior quality and value, in comparison to their low total genetic merit
counterparts, which helps ensure economic sustainability for both the primary
producer and the abattoir.
3.6.3 Economic impact of improved terminal total genetic merit
As the terminal index described in the present study is an economic selection
index, cattle of higher total genetic merit are expected to contribute more profit to the
producer. The ability of higher terminal index cattle to generate more carcass revenue
has previously been confirmed by Connolly et al. (2016). From results in the present
study, assuming a 120 days finishing period, cattle in the very high terminal index
stratum are expected to eat 1,087 MJ (9.06 MJ difference in REI between extreme
strata × 120 days) less than cattle in the very high index stratum for the same growth
rate and liveweight; assuming a feed cost of €0.025 / MJ, this represents a feed cost
saving of €2,686 for a producer finishing 100 animals. Moreover, the economic benefit
of the better feed and production efficiency of higher terminal index cattle can be
further quantified in the current study by using the economic weights used in the
terminal index and the observed phenotypic differences in dry matter intake, carcass
weight, carcass conformation and carcass fat between terminal index strata described
herein. Therefore, relative to cattle in the very low terminal index stratum, cattle in the
very high terminal index stratum are expected to generate €139.62 more profit per
animal [i.e., (-0.63 kg DM/day × - €38.63) + (25.02 kg × €3.14) + (1.82 units × €14.77)
+ (-1.24 units × - €7.86)]. Based on the differences between extreme terminal index
strata in the EBVs for daily feed intake, carcass weight, carcass conformation and
carcass fat, cattle in the very high terminal index stratum were expected to be €151.84
more profitable in comparison to cattle in the very low terminal index stratum.
Therefore, the greater expected profit based on the observed phenotypic differences
between strata in the present study is comparable to what would be expected based on
their respective difference in EBVs. The terminal index described herein, however,
also includes calving performance, perinatal mortality and docility which, alongside
traits which are not included in the terminal index, such as age at slaughter, are also
expected to further contribute to the profitability of the beef production system. Given
that genetic gain in the Irish terminal index between the years 2005 and 2018 has been
approximately €35 based on an EBV scale (Twomey et al., 2020); this translates to an
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increase in profit for the beef industry of €35 million per one million animals
slaughtered.
3.7 Conclusions
The potential improvements in animal performance presented in the current
study from selection on a holistic breeding index are clear for both feed and production
efficiency. Multiple phenotypic measures of efficiency can be improved in a cattle
population where selection takes place using such an all-encompassing total merit
selection index which includes feed intake and the energy sinks of carcass weight,
carcass conformation and carcass fat amongst others. Not only are heavier carcasses
of superior quality and value being achieved in genetically elite animals, these animals
also have a greater proportion of carcass weight relative to liveweight (i.e., better
dressing percentage), with fewer days to slaughter and all at a lower daily feed input.
The improvements in efficiency described herein still represents only feed efficiency
during the finishing period prior to slaughter; in national breeding objectives, feed
efficiency across the entirety of the animal’s life should also be considered.
Nevertheless, the results from the present study will be useful to quantify the benefits
of selection for feed and production efficiency when using a total merit index and to
help instil industry confidence in the contribution of genetic selection to generationon-generation improvements in individual animal performance and efficiency.
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4.2 Abstract
Validation of beef total merit breeding indexes for improving performance and
profitability has previously been undertaken at the individual animal level; however,
no herd-level validation of beef genetic merit and profit has been previously
investigated. The objective of the present study was to quantify the relationship
between herd profitability and both herd-average terminal and maternal genetic merit
across 1,311 commercial Irish beef herds. Herd-level physical and financial
performance data were available from a financial benchmarking tool used by Irish
farmers and their extension advisors. Animal genetic merit data originated from the
Irish Cattle Breeding Federation who undertake the national beef and dairy genetic
evaluations. Herd-average genetic merit variables included the terminal index of
young animals, the maternal index of dams, and the terminal index of service sires.
The herds represented three production systems: 1) cow-calf to beef, 2) cow-calf to
weanling/yearling, and 3) weanling/yearling to beef. Associations between herd
financial performance metrics and herd average genetic merit variables were
quantified using a series of linear mixed models with year, production system, herd
size, stocking rate, concentrate input, and the two-way interactions between production
system and herd size, stocking rate, and concentrate input included as nuisance factors.
Herd nested within county of Ireland (i.e., geographical region; n=26) was included as
a repeated effect. Herds with young cattle excelling in terminal index enjoyed greater
gross and net profit per hectare (ha), per livestock unit (LU), and per kg net liveweight
output. The change in gross profit per LU (± SE) per unit change in the terminal index
of young animals was €1.41 (± 0.23), while the respective regression coefficient for
net profit per LU was €1.37 (SE=0.30); the standard deviation of the terminal index is
€37. Herd-average dam maternal index and sire terminal index were both
independently positively associated with gross profit per ha and gross profit per LU.
Each one unit increase in dam maternal index (standard deviation of €38) was
associated with a €1.40 (SE=0.48) and €0.76 (SE=0.29) greater gross profit per ha and
per LU, respectively. Results from the present study at the herd-level concur with
previous validation studies at the individual animal level thus instilling further
confidence among stakeholders as to the expected improvement in herd profitability
with improving genetic merit.
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4.3 Introduction
Low profitability is a characteristic of most Irish beef farms (Dillon et al.,
2019). Profit is generally influenced by a series of internal on-farm factors such as
animal husbandry practices and grassland management (Ashfield et al., 2013; Taylor
et al., 2017b), as well as external factors such as governmental policy and both input
and output commodity prices (Crosson et al., 2006). Crosson (2008), Crosson and
McGee (2015), Taylor et al. (2017a) all specifically documented the contributors to
profit in Irish pastoral beef farms; these include farm stocking rate, grazing season
length, cow reproductive performance, progeny liveweight gain, and animal genotype,
all of which are under the control of the producer. The estimated contribution of farmlevel factors to profitability on beef farms is usually quantified through simulations
and systems modelling with a given set of assumptions underpinning the process
(Finneran and Crosson, 2013); sensitivity analyses to these assumptions are, however,
usually undertaken. As demonstrated by Taylor et al. (2018), supplementing these
modelling outputs with actual farm level data that accurately reflects commercial beef
farms further enhances these analyses.
Several studies have validated the usefulness of breeding goals in the selection
of more productive and efficient dairy (Berry and Ring, 2020; O'Sullivan et al., 2019)
and beef cattle (Connolly et al., 2016; Kelly et al., 2020a; Twomey et al., 2020). While
several studies have related genetic merit of beef cattle to improved performance at
the level of the individual animal (Connolly et al., 2016; Kelly et al., 2020a; Twomey
et al., 2020) , no such study has been attempted at the herd-level. Moreover, to quantify
the association with profit, these aforementioned studies applied a monetary value to
each performance metric which was assumed common across all farms (Connolly et
al., 2016; Kelly et al., 2020a; Twomey et al., 2020); this may not be valid as, in real
terms, costs and revenues are expected differ between farms and across time.
Additionally, there was no explicit account for fixed costs in these studies. Using
commercial field data from Irish dairy herds, Ramsbottom et al. (2012) demonstrated
that genetically elite, spring-calving pasture-based dairy herds were, on average, more
profitable than their lower genetic merit contemporary herds. The main advantages of
using herd-level data over animal-level data are that the costs and income sources not
directly attributable to individual animals (e.g., fixed costs) can be included in the
analysis; furthermore, across-herd analyses enables the robustness of the association
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with genetic merit to be quantified across production systems. The main challenge with
using herd-level data, however, is to properly account for differences in technical
efficiencies across herds, especially if correlated with herd genetic merit; for example,
beef producers who breed or purchase higher genetic merit animals may also be more
technically efficient in grassland management and nutrition. Ramsbottom et al. (2012)
attempted to adjust for inter-herd differences in technical efficiency in their herd-level
analysis of genetic merit by also concurrently accounting for the non-genetic factors
of stocking rate, herd size, and farm concentrate input as covariates in their linear
mixed model. Such non-genetic factors are known to influence farm financial
performance (Taylor et al., 2017a; Ramsbottom et al., 2012), and thus a similar
adjustment of inter-herd technical efficiency was considered in the current study.
The main objective of the present study was to quantify the association between
profitability with both herd-average terminal and maternal genetic merit across a large
number of commercial Irish beef herds. Taken together with similar studies conducted
at the animal-level in beef cattle (Connolly et al., 2016; McHugh et al., 2014; Twomey
et al., 2020) results from this study will provide more confidence in the expected
change in profitability, if any, associated with changes in herd-average genetic merit.
4.4 Materials and Methods
All data were obtained from pre-existing databases managed separately by
Teagasc and by the Irish Cattle Breeding Federation Ltd (ICBF); as such, animal care
and use committee approval was not required in advance of conducting this study.
4.4.1 Farm financial and physical performance data
Farm financial data were obtained from the Teagasc eProfit Monitor software
(Teagasc, 2020). The eProfit Monitor system is used in Ireland by farmers and their
extension officers to record all farm inputs, outputs, and expenses incurred during a
single production year (Teagasc, 2020). Farm-level features recorded on beef farms
include farm size, farm livestock numbers, production system, stocking rate and farm
liveweight output. Available farm financial variables include the value of livestock
sales and purchases, as well as the total farm variable and fixed costs. Variable costs
include farm contractor (custom operator) charges, veterinary expenses, fertilizer,
concentrate feed and other costs (i.e., levies, purchased forage, and miscellaneous
costs). Fixed costs include machinery repairs, building and machinery depreciation,
99

utility expenses, loan repayments and interest payable, professional fees, and casual
labour. All data are self-declared but are curated so that data across years can be
collated and compared.
Data on farm physical and financial performance were extracted from the
eProfit Monitor database for the years 2016 to 2019, inclusive, representing 5,022
herd-years from 2,452 unique beef herds. All herds had information on farm physical
and financial performance. The main beef production systems identified from the data
were 1) cow-calf to beef, 2) cow-calf to weanling/yearling, and 3) weanling/yearling
to beef. Beef farms were classified into one of these production systems by the farmer
and their Teagasc extension officer based on the dominant production system on the
farm. Several farms also had a sheep and/or arable enterprise present on the farm, but
the physical performance, costs and margins considered in the present study were those
that were apportioned exclusively to the farm’s cattle enterprise by the farmer and
extension officer (Teagasc, 2020). In the case where some fixed costs could not be
easily allocated to an individual enterprise (e.g. a hired labour unit), then these fixed
costs were apportioned according to the proportion of gross revenue output contributed
by that specific enterprise (Teagasc, 2020).
Gross farm revenue output is calculated within the eProfit Monitor system as
the value of livestock sales minus the value of livestock purchases plus the value of
any net inventory change in livestock numbers. The value of the net inventory change
in livestock numbers is calculated in the eProfit Monitor system by multiplying the
number of animals in a specific livestock category by a standard value for that animal
category. Gross farm profit is calculated within the eProfit Monitor system as gross
revenue output minus total variable costs, while net farm profit is calculated as gross
profit minus total fixed costs. All financial variables are expressed on either a per cattle
usable hectare, per livestock unit (LU), or on a per kg liveweight output basis; these
are the primary base units used in the eProfit Monitor system (Teagasc, 2020), and in
herd level analyses within pasture based beef systems (Taylor et al., 2017a; 2017b).
Transforming cattle numbers of different ages into LU equivalents enables cattle of
different life-stages to be represented on the same scale and unit, and were calculated
as follows according to Teagasc (2020): beef cow = 0.9 LU, calf (0-11 months of age)
= 0.3 LU, yearling (12- 23 months of age) = 0.7 LU and other adult cattle (≥ 24 months
of age) = 1.0 LU. Farm net liveweight output is calculated in the eProfit Monitor
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system as the differential between liveweight sales and purchases; this is based on a
combination of 1) actual liveweight data from the sale of live cattle at livestock
auctions, 2) derived liveweights based on an assumed dressing percentage when an
animal is slaughtered at a registered facility, or 3) derived liveweights based on cattle
age, breed, and sex for private sales in the absence of actual liveweight data. The value
of concentrate consumed per ha was assumed to represent the farm’s concentrate input
and was calculated as the sum of the value of purchased concentrates per ha and the
value of home-grown concentrates per ha. Herd size was the total LUs of the farm
calculated from the ICBF database, and stocking rate was calculated as herd size
divided by the farm’s usable hectares attributable to the cattle enterprise.
Phenotypic carcass weight, carcass conformation, and carcass fat score
(Englishby et al., 2016) extracted from the ICBF database were available for young
bulls, steers, and heifers slaughtered in both cow-calf to beef and weanling/yearling to
beef herds; these data were used to calculate herd average carcass weight,
conformation, and fat for each herd-year. Similarly, the phenotypic calving interval
and age at first calving for each beef cow in cow-calf to weanling/yearling and cowcalf to beef herds were available from the ICBF database and were used to calculate
herd median calving interval and herd median age at first calving for each herd-year.
4.4.2 Genetic merit data
The ICBF are responsible for the beef national genetic evaluations in Ireland.
All genetic evaluations are based on a multibreed population and are undertaken in the
MiX99 software suite (MiX99 Development Team, 2015). All evaluations adjust for
the heterosis and recombination loss coefficients of the animal as most beef cattle in
Ireland are crossbred; the use of genetic groups in the evaluation account for breed
differences. The national beef genetic evaluations used to derive the Irish beef indexes
are described in further detail by Evans et al. (2007; 2009; 2012). The Irish terminal
and maternal indexes are both economic-based with the goal of identifying genetically
elite cattle. The beef terminal index is designed to identify animals excelling
genetically in expected profitability of their progeny at slaughter (Connolly et al.,
2016); the unit of the terminal index is euro per progeny slaughtered. The beef
maternal index is designed to identify animals excelling genetically in expected
profitability of their female progeny as replacement beef cows; the beef maternal index
considers both maternal and terminal traits (Dunne et al., 2020a), and its unit is euro
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per calving of each cow. Both indexes use predicted transmitting abilities (PTA) as the
unit of genetic merit for each index trait, which are then multiplied by the respective
trait economic weight and subsequently summed to generate a separate terminal and
maternal index value per animal. The terminal index includes the traits carcass weight,
carcass conformation and carcass fat cover, feed intake, docility, as well as calving
performance traits such as gestation length, perinatal mortality, and direct calving
difficulty (Connolly et al., 2016). The maternal index is composed of two sub-indexes,
the calf maternal sub-index which is composed of traits attributable to the calf, and the
cow maternal sub-index which is composed of traits attributable to the beef cow
(Dunne et al., 2020a). The calf maternal sub-index includes all traits in the
aforementioned terminal index, while the cow maternal sub-index includes calving
interval, maternal calving difficulty, age at first calving, milking ability, cow docility,
survival, cow liveweight, and cull cow carcass weight. The relative emphasis and
economic weights applied to each trait in both the terminal and maternal indexes are
presented in Appendix F. While the weights on both the terminal and maternal indexes
change over time, the economic weights on the traits in both indexes used in the present
study were those from the year 2020. Total genetic merit for both the Irish beef
terminal and maternal index, and individual trait PTAs, from the February 2020
national genetic evaluation were extracted from the ICBF database for all cattle that
were present in the eProfit Monitor herds in each year.
4.4.3 Data edits
As the present study was focused on the relationship between beef cattle
genetic merit and profitability, only data from herd-years where ≤ 5% of the nonbreeding cattle were born in a dairy herd were retained; the birth herd was classified
as a dairy herd if the average dam breed composition of the herd was > 75% dairy
breeds (Ring et al., 2018). To ensure data integrity, the average farm LUs for each
herd-year were also calculated based on the data recorded in the ICBF database by
summing the LUs of cattle present in each animal category at the end of each month
and averaging across all 12 months for each year. This was possible because it is a
legal requirement to record all cattle births, deaths, and inter-location movements in
Ireland, all of which are stored on the ICBF database. A total of 571 herd-years were
discarded where the differential between the self-declared eProfit Monitor LUs and
those calculated from the ICBF database was >5%. Data from a further 40 herd-years
102

with <10 LUs were also removed as profitability was not considered to be a primary
motivation for farming in these herds. Only weanling/yearling to beef herd-years
where the recorded breeding beef cow LUs constituted <5% of total herd-year’s LUs
were retained; beef cow LUs below this threshold were not deemed to contribute to
farm profit. Similarly, only herd-years of either cow-calf to weanling/yearling or cowcalf to beef production systems where breeding beef cow LUs constituted >30% of
total herd-year LUs were retained. Additionally, all data from 177 unique herds with
multiple years of records that were recorded to have changed production system across
any of the four years of study were removed. Only herd-years where PTAs were
available on ≥75% of the non-breeding animals were retained. Additionally, for herds
classified as either cow-calf to weanling/yearling or cow-calf to beef, only herd-years
where PTAs were also available on ≥75% of cows and service sires were retained.
Subsequently, data from 2,308 herd-years representing 1,311 unique herds remained
for further analysis. The numbers of herd-years belonging to each production system
were 1,520, 633, and 155 for cow-calf to weanling/yearling, cow-calf to beef, and
weanling/yearling to beef, respectively.
4.4.4 Statistical analyses
Preliminary analyses revealed non-linear relationships between several of the
dependent variables of interest and prospective independent variables, such as the
value of concentrates consumed per ha, stocking rate and herd size. Therefore, the
value of concentrates consumed per ha was stratified into 11 classes (≤ 50 €/ha, 9
classes each of 50 €/ha from 50 €/ha to 500 €/ha inclusive, and >500 €/ha), stocking
rate was divided into 5 classes (≤1.0 LU/ha, 3 classes each of 0.5 LU/ha from 1.0
LU/ha to 2.5 LU/ha inclusive, and >2.5 LU/ha), and herd size was categorized into 8
classes (≤20 LU, 6 classes each of 20 LU from 20 LU to 140 LU, inclusive, and >140
LU).
Associations between the financial performance metrics and herd average
genetic merit were determined using a series of linear mixed models in PROC MIXED
(SAS 9.4, SAS Institute Inc., Cary, NC, USA). Variables included as fixed effects in
all models were year (i.e., 2016, 2017, 2018, or 2019), production system (i.e., cowcalf to beef, cow-calf to weanling/yearling, or weanling/yearling to beef), herd size
(class variable; n=8), stocking rate (class variable; n=5), and the value of concentrates
consumed per ha (class variable; n=11) which was assumed to represent farm
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concentrate input. The two-way interactions between production system and either
herd size, stocking rate, or the value of concentrates consumed per ha were also tested
for inclusion in all models. Herd (n=1,311) nested within the county of Ireland (i.e.,
geographical region; n=26) was included as a repeated effect in all models; the
covariance structure chosen was based on minimizing the Akaike Information
Criterion for the given model. Following model development, herd-average genetic
merit features of interest were included as independent variables in the model. For all
three production systems, the herd-average genetic merit independent variable of
terminal index of young animals (progeny) was considered. Additionally, for both the
cow-calf to beef and the cow-calf to weanling/yearling systems, the herd-average
genetic merit independent variables also considered were either the maternal index of
dams itself or both the maternal cow sub-index and the maternal calf sub-index of
dams; in both models the herd-average terminal index of service sires was always
included. For all models, the two-way interactions between herd average genetic merit
variable and production system were also tested. In total, 45 linear mixed models were
run yielding 90 financial performance on genetic merit variable combinations. The
approximate expected coefficient from the regression of gross profit per LU on
terminal index was 2, while the approximate expected coefficients from the regression
of gross profit per LU on sire terminal index was 1.
In a separate series of analyses for the weanling/yearling to beef and cow-calf
to beef systems, the herd-average genetic merit features included in the model were
either the terminal index, carcass weight PTA, carcass conformation PTA, or carcass
fat PTA of the young animals; the dependent variables were either herd-average
phenotypic carcass weight, conformation, or fat. Whether terminal index, carcass
weight PTA, carcass conformation PTA, or carcass fat PTA associations differed
between weanling/yearling to beef and cow-calf to beef herds was also examined.
Similar analyses were undertaken for both the cow-calf to beef and the cow-calf to
weanling/yearling systems, where herd-median phenotypic calving interval was the
dependent variable and the herd-average genetic merit independent variables were
either the dam maternal index, both dam maternal calf sub-index and dam maternal
cow sub-index, the dam PTA for calving interval, or the dam PTA for age at first
calving. The same set of models were fitted for age at first calving where the dependent
variable of herd median phenotypic calving interval was replaced with herd median
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phenotypic age at first calving. The two-way interaction between herd average genetic
merit and cow-calf production system (i.e., cow-calf to beef and cow-calf to
weanling/yearling systems) was also tested for inclusion.
4.5 Results
Summary statistics of the physical performance metrics in the current study is
in Table 4.1. On average, cow-calf to beef herds had the most cattle LUs and cattle
hectares. On the other hand, weanling/yearling to beef herds had both the greatest
liveweight output per ha as well as per LU.
Table 4.1. Number of herd-years (N) along with the mean (standard deviation in
parentheses) farm physical performance for each beef production system.
Weanling/yearling
to beef

Cow-calf to
beef

Cow-calf to
weanling/yearling

155

633

1,520

Area farmed, ha

43.38 (25.95)

58.67 (30.17)

36.96 (24.03)

Cattle area, ha

37.63 (21.01)

51.13 (26.13)

32.51 (19.38)

Livestock units, LU

74.24 (53.92)

96.83 (51.87)

47.85 (31.03)

Stocking rate, LU/ha

1.92 (0.66)

1.94 (0.56)

1.51 (0.52)

Liveweight output per hectare,
kg/ha

789.49 (482.2)

648.76 (250.18)

434.65 (195.35)

Liveweight output per LU,
kg/LU

404.17 (172.14)

330.56 (70.97)

284.8 (73.09)

Farm performance variable
N

1

Livestock unit: beef cow = 0.9 LU, calf (0 to 11 months of age) = 0.3 LU, yearling (12-23 months of
age) = 0.7 LU and other adult cattle (≥24 months of age) = 1.0 LU.

4.5.1 Relationships between non-genetic factors and profitability
How the associations between stocking rate, herd size, and value of
concentrates consumed per ha with gross profit per ha differed by production systems
is demonstrated in Figure 4.1; the significance of the two-way interactions between
production system and stocking rate, herd size, or value of concentrates consumed per
ha were P < 0.001, P = 0.339, and P < 0.001, respectively. Gross profit per ha was
positively related to stocking rate and increased almost linearly in both the cow-calf to
beef and the cow-calf to weanling/yearling herds; in contrast, gross profit per ha of
weanling/yearling to beef herds increased sharply from the 2.0 - 2.5LU/ha to the >2.5
LU/ha stocking rate category. Irrespective of production system, gross profit per ha
tended to initially increase as herd size increased but plateaued for herds > 100 LUs.
Gross profit per ha in both the cow-calf to beef and the weanling/yearling to beef herds
remained stable as concentrate cost per ha increased but reduced in the cow-calf to
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weanling/yearling herds with a sharp reduction in profit at higher concentrates costs
per ha.
Least squares means of gross profit per LU for the interaction between
production system and each of stocking rate (P = 0.072), herd size (P = 0.721), and
value of concentrates consumed per ha (P < 0.001) are in Figure 4.2. Similarly, least
squares means of gross profit per kg liveweight for the interaction between production
system by each of stocking rate (P = 0.673), herd size (P = 0.772), and value of
concentrates consumed per ha (P < 0.01) are in Figure 4.3. Both gross profit per LU
and per kg liveweight increased as stocking rate increased in all three production
systems, but the relationships were not linear which suggests diminishing returns in
profit at higher stocking rates. The relationship between gross profit per LU and kg
liveweight with herd size followed a similar trend to the relationship between herd size
and gross profit per ha. Gross profit per LU and per kg liveweight reduced as the value
of concentrates fed increased, with a greater reduction in profit in cow-calf to
weanling/yearling herds at relatively high concentrate cost levels. Similar trends to
gross profit per ha, per LU, and per kg liveweight were observed in the relationships
between net profit per ha, per LU, and per kg liveweight, and the non-genetic factors
of stocking rate, herd size and concentrate input (Appendix G, Appendix H, and
Appendix I).
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Figure 4.1. Least squares means (error bars represent one SE each side of the mean estimate) for gross profit per hectare for the interaction of beef
production system (i.e., weanling/yearling to beef, cow-calf to beef, and cow-calf to weanling/yearling) with the class variables of either stocking
rate, herd size, or value of concentrates consumed per hectare. The significance of the two-way interactions between production system and stocking
rate, herd size, or value of concentrates consumed per hectare were P < 0.001, P = 0.339, and P < 0.001, respectively. Means are presented relative
to the first category for stocking rate and herd size, and last category for value of concentrates consumed per hectare, within the cow-calf to
weanling/yearling system.
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Figure 4.2. Least squares means (error bars represent one SE each side of the mean estimate) for gross profit per livestock unit (LU) for the
interaction of beef production system (i.e., weanling/yearling to beef, cow-calf to beef, and cow-calf to weanling/yearling) with the class variables
of either stocking rate, herd size, or value of concentrates consumed per hectare. The significance of the two-way interactions between production
system and stocking rate, herd size, or value of concentrates consumed per hectare were P = 0.072, P = 0.721, and P < 0.001, respectively. Means
are presented relative to the first category for stocking rate and herd size, and last category for value of concentrates consumed per hectare, within
the cow-calf to weanling/yearling system.
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Figure 4.3. Least squares means (error bars represent one standard error each side of the mean estimate) for gross profit per kg liveweight for the
interaction of beef production system (i.e., weanling/yearling to beef, cow-calf to beef, and cow-calf to weanling/yearling) with the class variables
of either stocking rate, herd size, or value of concentrates consumed per hectare. The significance of the two-way interactions between production
system and stocking rate, herd size, or value of concentrates consumed per hectare were P = 0.673, P = 0.772, and P < 0.01, respectively. Means
are presented relative to the first category for stocking rate and herd size, and last category for value of concentrates consumed per hectare, within
the cow-calf to weanling/yearling system.

4.5.2 Relationships between herd average genetic merit and financial performance
An interaction between genetic merit and production system existed (P < 0.05)
for nine of the 90 financial performance on genetic merit variable combinations
investigated; these were for gross revenue output per ha on terminal index (P < 0.05);
gross revenue output per ha (P < 0.05) and fixed costs per ha (P < 0.05) on dam
maternal cow sub-index; variable costs per ha (P < 0.01) and gross revenue output per
ha (P < 0.05) on dam maternal calf sub-index; and all of gross revenue output per ha
(P < 0.01), gross revenue output per LU (P < 0.05), fixed costs per ha (P < 0.05), and
variable costs per ha (P < 0.05) on dam maternal index. Only the main effects are
discussed further as there was no interaction between genetic merit and production
system when any of the profit variables were the dependent variable, and because some
of these interactions could simply be an artefact of multiple testing. For completeness,
however, the regression coefficients for herd financial performance on each genetic
merit feature in each production system are detailed in Appendix J, Appendix K, and
Appendix L.
Although a greater terminal index value was associated higher variable costs
per ha and per LU, superior terminal index was associated with both greater gross
profit and net profit per ha, per LU, and per kg liveweight (Table 4.2). In fact, each
standard deviation unit increase (± SE) in the Irish terminal index (standard deviation
of €37 on a PTA scale; Twomey et al., 2020) was associated with €86.13 (± €14.44),
€52.20 (± €8.40), and €0.17 (± €0.026) more gross profit per ha, per LU and per kg
liveweight, respectively; the respective values for net profit were €82.70 (± €17.76),
€50.84 (± €11.13) and €0.23 (± €0.042).
The change in herd average financial performance per unit change in herd
average genetic merit for both the dam maternal index and sire terminal index, when
fitted in the same model, is in Table 4.3; the regression coefficients on both the dam
maternal calf sub-index and dam maternal cow sub-index (whose sum is the overall
dam maternal index) when fitted concurrently with the sire terminal index is also in
Table 4.3. The regression coefficients on the sire terminal index were identical
irrespective of whether the dam maternal index itself or its two sub-components
simultaneously were fitted. The regression coefficients for gross revenue output, gross
profit, and net profit on both the dam maternal and sire terminal indexes were generally
positive although not always different from zero for the dam maternal index. Dam
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maternal index was not associated with either gross revenue output or gross profit per
kg liveweight as well as not being associated with any of the net profit variables.
Greater genetic merit for both dam maternal sub-indexes was associated with greater
herd profitability, although not all the coefficients were different from zero for the dam
maternal cow sub-index. This indicates an increase in gross revenue output and
profitability per unit increase in each maternal sub-index, independent of both the other
maternal sub-index of the dam and the terminal index of the service sires used. Every
one standard deviation unit increase (± SE) in the Irish maternal index (standard
deviation of €38 on a PTA scale; Twomey et al., 2020) was associated, on average,
with €53.26 (± €18.32) and €28.72 (± €11.11) more gross profit per ha and per LU,
respectively.
Table 4.2. Regression coefficients (b; SE in parentheses) estimated from a mixed
model for a series of herd financial metrics on progeny terminal index.
b (SE)1

Financial variable
Gross revenue output per hectare, €/ha
Variable costs per hectare, €/ha

3.00 (0.42)***
0.67 (0.26)*

Gross profit per hectare, €/ha

2.33 (0.39)***

Fixed costs per hectare, €/ha

0.19 (0.31)

Net profit per hectare, €/ha

2.23 (0.48)***

Gross revenue output per livestock unit , €/LU

1.95 (0.21)***

Variable costs per livestock unit, €/LU

0.53 (0.14)***

Gross profit per livestock unit , €/LU

1.41 (0.23)***

Fixed costs per livestock unit , €/LU

0.14 (0.20)

Net profit per livestock unit , €/LU
Gross revenue output per kg liveweight, €/kg
Variable costs per kg liveweight, €/kg

1.37 (0.30)***
0.0038 (0.0005)***
-0.0006 (0.0006)

Gross profit per kg liveweight, €/kg

0.0045 (0.0007)***

Fixed costs per kg liveweight, €/kg

-0.0016 (0.0008)*

Net profit per kg liveweight, €/kg

0.0063 (0.0011)***

1

Significance of coefficient from zero: * P < 0.05; ** P < 0.01; *** P < 0.001.
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Table 4.3. Regression coefficients (b; SE in parentheses) estimated from mixed models for each herd financial metric on both dam maternal index
and sire terminal index value when fitted concurrently in the model, or on all of dam maternal calf sub-index, dam maternal cow sub-index and
sire terminal index when fitted concurrently in the model.
Dam maternal index

Dam maternal calf
sub-index

Dam maternal cow
sub-index

Sire terminal
index

b (SE)1

b (SE)

b (SE)

b (SE)

Gross revenue output per hectare, €/ha

2.34 (0.47)***

5.42 (0.70)***

2.23 (0.46)***

1.24 (0.29)***

Variable costs per hectare, €/ha

0.89 (0.31)**

2.35 (0.46)***

0.85 (0.30)**

-0.13 (0.19)

Gross profit per hectare, €/ha

1.40 (0.48)**

2.97 (0.73)***

1.34 (0.48)**

1.30 (0.29)***

Fixed costs per hectare, €/ha

0.70 (0.39)

0.95 (0.60)

0.70 (0.39)

0.07 (0.23)

Net profit per hectare, €/ha

0.75 (0.61)

2.13 (0.92)*

0.70 (0.61)

1.33 (0.37)***

1.06 (0.26)***

3.01 (0.39)***

1.00 (0.26)***

0.82 (0.16)***

0.22 (0.18)

1.23 (0.28)***

0.20 (0.18)

0.09 (0.11)

Gross profit per livestock unit , €/LU

0.76 (0.29)**

1.71 (0.44)***

0.72 (0.29)*

0.76 (0.18)***

Fixed costs per livestock unit , €/LU

0.28 (0.25)

0.21 (0.39)

0.28 (0.25)

0.13 (0.15)

Net profit per livestock unit , €/LU

0.50 (0.39)

1.55 (0.58)**

0.47 (0.39)

0.70 (0.23)**

Gross revenue output per kg liveweight, €/kg

-0.0005 (0.0006)

0.0024 (0.0010)*

-0.0006 (0.0006)

0.0016 (0.0004)***

Variable costs per kg liveweight, €/kg

-0.0017 (0.0008)*

-0.0017 (0.0012)

-0.0017 (0.0008)*

-0.0007 (0.0005)

Gross profit per kg liveweight, €/kg

0.0012 (0.0009)

0.0040 (0.0014)**

0.0011 (0.0009)

0.0023 (0.0006)***

Fixed costs per kg liveweight, €/kg

-0.0013 (0.001)

-0.0039 (0.0015)*

-0.0012 (0.0010)

-0.0004 (0.0006)

Net profit per kg liveweight, €/kg

0.0028 (0.0015)

0.0082 (0.0022)***

0.0026 (0.0015)

0.0028 (0.0009)**

Financial variable

112

Gross revenue output per livestock unit , €/LU
Variable costs per livestock unit , €/LU

1

Significance of coefficient from zero: * P < 0.05; ** P < 0.01; *** P < 0.001.

4.5.3 Relationships between herd average genetic merit and phenotypic
performance
An interaction between genetic merit and production system existed for the
regression of herd average carcass conformation on either terminal index (P < 0.01) or
carcass conformation PTA (P < 0.01). Each one unit increase in terminal index (± SE)
was associated with a 0.069 (± 0.011) and 0.038 (± 0.002) unit increase in herd average
carcass conformation in weanling/yearling to beef and cow-calf to beef herds,
respectively. Similarly, every one unit increase in carcass conformation PTA was
associated with a 4.35 (± 0.68) and 2.40 (± 0.13) unit increase in herd average carcass
conformation in weanling/yearling to beef and cow-calf to beef herds, respectively.
The expected coefficient was two as each unit increase in estimated breeding value
(EBV) is expected to be associated with a one unit increase in phenotypic performance;
therefore, as PTA = EBV/2 then each unit increase in PTA is expected to be associated
with a two unit increase in phenotypic performance. Only the main effects are
discussed further and, thus, the phenotypic change in carcass traits per unit change in
terminal index or carcass trait PTA of young animals is presented in Table 4.4. The
terminal index was positively associated with both phenotypic carcass weight and
conformation, and negatively associated with carcass fat. The coefficients from the
regression of each carcass trait PTA on its respective herd average phenotypic trait
were all not different from or greater than the expected coefficient of 2 (P < 0.05).
Table 4.4. The phenotypic change (SE in parentheses) in herd average carcass weight
(kg), carcass conformation (scale 1-15), and carcass fat (scale1-15) for a one unit
change in terminal index, carcass weight PTA1, carcass conformation PTA, and
carcass fat PTA.

Genetic merit variable
Terminal index, €
Carcass weight PTA, kg
Carcass conformation PTA, scale 1-153
3

Carcass fat PTA, scale 1-15

Carcass
weight

Carcass
conformation

Carcass fat

b (SE)2

b (SE)

b (SE)

0.90 (0.08)
3.73 (0.30)

0.039 (0.0022)
0.131 (0.0093)

-0.016 (0.0020)
-0.049 (0.0082)

49.06 (4.86)

2.47 (0.13)

-1.02 (0.12)

-65.13 (8.69)

-3.13 (0.26)

2.52 (0.19)

1

PTA = predicted transmitting ability.
All coefficients were different from zero (P < 0.001).
3
A score of 1 represents poor conformation or a lean carcass and a score of 15 represents a well
conformed or fat carcass.
2

The only interactions between genetic merit and production system for the
regression of herd median age at first calving was for dam maternal calf sub-index (P
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< 0.05) and dam age at first calving PTA (P < 0.01). The phenotypic change (± SE) in
herd median age at first calving was -1.17 day (± 0.42 day) and -0.10 day (± 0.25 day)
for each unit increase in the dam maternal calf sub-index in cow-calf to beef herds and
cow-calf to weanling/yearling herds, respectively. Likewise, every unit increase in
dam age at first calving PTA was associated with a 6.12 day (± 0.85 day) and a 3.35
day (± 0.49 day) older herd median age at first calving in cow-calf to beef and cowcalf to weanling/yearling herds, respectively. The phenotypic change in herd median
calving interval and herd median age at first calving per unit change in either the dam
maternal index, the dam maternal sub-indexes, dam calving interval PTA, or dam age
at first calving PTA are in Table 4.5. Each one unit increase (± SE) in herd average
dam maternal index was associated with a 0.12 day (± 0.04 day) shorter herd-median
calving interval and 0.73 day (± 0.14 day) younger herd-median age at first calving.
The respective coefficients for the dam maternal cow-sub-index were almost identical
to the dam (total) maternal index coefficients. The regression coefficient from
regressing herd-median calving interval on herd-average calving interval PTA was not
different from 2 (P > 0.05).
Table 4.5. The phenotypic change (SE in parentheses) in herd median calving interval
(day) and herd median age at first calving (day) for a one unit change in dam maternal
index, dam maternal cow sub-index, dam maternal calf sub-index, dam calving interval
PTA1, and dam age at first calving PTA.
Calving interval

Age at first calving

2

Genetic merit variable

b (SE)

Dam maternal index, €

-0.12 (0.04)***

-0.73 (0.14)***

Dam maternal cow sub-index, €

-0.13 (0.04)**

-0.75 (0.14)***

Dam maternal calf sub-index, €

-0.06 (0.05)

-0.37 (0.22)

Dam calving interval PTA, day

1.63 (0.55)**

9.78 (2.12)***

0.07 (0.12)

4.03 (0.44)***

Dam age at first calving PTA, day
1

b (SE)

PTA = predicted transmitting ability.
2
Significance of coefficient from zero: * P < 0.05; ** P < 0.01; *** P < 0.001.
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4.6 Discussion
While the contribution of non-genetic factors such as stocking rate, grazing
season length, liveweight gain, and cow reproductive performance to beef herd profit
has been well established (Ashfield et al., 2013; Clarke et al., 2013; Taylor et al.,
2017a; Taylor et al., 2017b), many of these management factors incur a reoccurring
cost and, if not continued, performance may revert back to base line. The benefit of
breeding is that it is cumulative and permanent, meaning that any gains made in
performance are expected to persist for generations, assuming no further antagonistic
selection takes place. Unequivocal evidence, however, that improved genetic merit
translates to improved performance is paramount to instil confidence among producers
as to this sustainable strategy to compound performance and profit year-on-year.
Strategies to demonstrate the merit of genetic selection include controlled (selection)
studies (Coleman et al., 2009; McCabe et al., 2020; Clarke et al., 2009a), crosssectional analysis of animal-level data (Berry and Ring, 2020; Connolly et al., 2016;
Kelly et al., 2020a; Twomey et al., 2020) or cross-sectional analysis of herd-level data
(Ramsbottom et al., 2012). Each approach in itself has its own shortcomings but if a
consensus is achieved across all three methods, then confidence in the results will be
greater.
A number of controlled studies exist that have generally verified that cattle of
different genetic merit perform differently (Clarke et al., 2009a; Coleman et al., 2009);
while the extent and depth of measurement on such studies is generally highly precise,
and the environmental noise is strongly controlled, such studies can be hindered by a
lack of statistical power, a reduced genetic diversity, and a danger of generalizing
conclusions to production systems not directly represented in the controlled study
(hence their inclusion as fixed effects in the statistical models). Cross-sectional
analyses of large database of individual animal records (Berry and Ring, 2020;
Connolly et al., 2016; Kelly et al., 2020a; Twomey et al., 2020) do not generally suffer
from a lack of statistical power (and, thus, the impact on Type II errors) or genetic
diversity, but errors undoubtedly exist within the data; the hope is that the large number
of experiment units will minimize the influence of such errors if occurring relatively
randomly across genotypes. For example, Purfield et al. (2016) reported a sire
parentage error of 13.28% in Irish cattle, and, because the assigned genetic merit of an
animal is dictated, in part, by the sire, such errors undoubtedly influence confidence in
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the results. Similarly, assignment of cattle to the appropriate contemporary group for
inclusion in the statistical model is problematic (Berry et al., 2021). Additionally,
previous validation studies at the individual animal level (Connolly et al., 2016; Kelly
et al., 2020; Twomey et al., 2020) applied a single economic value, common across all
farms, to each trait within the selection indexes. This is not a true representation of
reality, given that differences in the cost of production, and animal value, exist among
herds and across time.
Cross-sectional analyses of large databases of herd-level data (Ramsbottom et
al., 2012) suffer from similar issues to that of animal-level analyses, with the added
problem of accounting for inter-herd differences in technical efficiencies. The
statistical approach taken in the present study was similar to that applied by
Ramsbottom et al. (2012) where an attempt was made to account for inter-herd
differences in technical efficiency by adjusting financial performance metrics for
stocking rate, herd size, and concentrate input. Genetic and non-genetic factors are
usually confounding in beef herds as herds of superior genetic merit tend to also excel
in animal husbandry and technical efficiency, relative to their contemporaries (P.
Kelly, personal communication, November 20, 2020). Even so, the spearman
correlations between total genetic merit and the variables of stocking rate, herd size,
and value of concentrate consumed per ha in the current study were generally weak
within each production system (Appendix M). For example, the spearman correlation
between the terminal index of young animals and stocking rate in the present study
was 0.22 in weanling/yearling to beef herds; similarly, there was a spearman
correlation of 0.08 between dam maternal index and herd size. Nevertheless, each unit
increase in terminal index was associated with a €0.91 increase in gross profit per LU
when only year and system were included in the model, which is weaker than the
coefficient of €1.41 when the class variables of stocking rate, herd size, and
concentrate input, as well as their two-way interactions with production system, were
all included in the mixed model. Therefore, the relationship between profit and genetic
merit may not be fully realized without accounting for at least some metrics of the
technical proficiency among herds.
The primary objective of the present study was to quantify the relationship
between herd-average beef genetic merit and profitability using farm financial data
from a large number of commercial Irish beef herds. Of particular interest was the
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association between profitability and both the maternal index of calving beef cows and
the terminal index of young cattle (including the progeny of dams) in these herds.
While cross-sectional analyses relating total genetic merit to financial metrics in dairy
herds do exist (Ramsbottom et al., 2012), no such analysis has been undertaken in
commercial beef herds. Nonetheless, results from the present study relating financial
metrics to total merit indexes in beef cattle are consistent with conclusions based on
similar herd-level analyses evaluating dairy cow total merit indexes (Ramsbottom et
al., 2012). The results from the present study are also consistent with both controlled
studies and cross-sectional analyses of animal-level data in beef cattle (Connolly et al.,
2016; Kelly et al., 2020a; Twomey et al., 2020; Clarke et al., 2009a).
Within the Teagasc eProfit Monitor system, a standard value for each animal
category is assumed when considering any inventory change across years; this
approach does, therefore, not account for potential differences in animal value that
differ in genetic merit despite Connolly et al. (2016) demonstrating that individual
cattle excelling in the terminal index are expected to confer additional revenue output
per animal through heavier carcass weights of greater quality and thus greater value.
Additionally, the same dressing percentage is assumed within different animal
categories within the Profit Monitor system, thus impacting financial metrics
expressed on a per kg liveweight basis despite known genetic differences (Coyne et
al., 2019). Superior terminal index cattle have also been documented to have a superior
dressing percentage than their lower genetic merit counterparts (Kelly et al., 2020a).
The classification of costs as fixed or variable in the eProfit Monitor system may also
differ slightly from similar financial benchmarking tools used in other jurisdictions,
and thus used in other similar studies. Within the eProfit Monitor system, a variable
cost is one that can be easily allocated or attributed to a particular enterprise on a mixed
enterprise farm (for example both a cattle and sheep on the same farm), and/or is likely
to also vary directly with the scale or efficiency of the enterprise. The eProfit Monitor
definition of a fixed cost is on the basis that the cost may not necessarily be as easy to
allocate to an individual enterprise and/or does not vary with the scale or efficiency of
an enterprise. Therefore, costs, such as hired labour, which may be a variable cost in
most farm systems, are treated as a fixed cost under the above definition within the
eProfit Monitor, as the hours worked per enterprise on a mixed farm is often not
known.
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4.6.1 Non-genetic factors and financial performance
Irish beef farms are primarily grass based where the majority of cattle feed is
derived from in situ grazing; thus, many factors affecting profitability and overall
financial performance on Irish beef farms are related to the pastoral-based nature of
the beef enterprise (Ashfield et al., 2013). Such non-genetic factors included grazing
season length and calving date (Crosson and McGee, 2015), stocking rate (Clarke et
al., 2013), and the quantity of concentrates fed (Finneran and Crosson, 2013), in
addition to other factors relating to farm structure such as beef production system
(Taylor et al., 2017b) and herd size (Finneran and Crosson, 2013; Veysset et al., 2015).
The relationship between profitability and stocking rate observed in the current study
is largely in agreement with the scientific literature from Ireland (Clarke et al., 2013;
Taylor et al., 2017b). Using a bio-economic modelling approach of a cow-calf to beef
herd, Clarke et al. (2013) reported that net margin per ha increased from €389 per ha
to €738 per ha as stocking rate increased from 1.8 LU per ha to 2.6 LU per ha.
Similarly, in a study investigating the profit drivers on Irish beef farms using financial
records from 38 herds participating in a knowledge transfer program, Taylor et al.
(2017b) reported a correlation of 0.35 between stocking rate and gross profit per ha in
cow-calf to beef herds. Both Taylor et al. (2017b) and Clarke et al. (2013) stressed,
however, that any increases in stocking rate must be supported by greater grass growth
and utilization rather than increased concentrate supplementation, the latter eroding
herd profitability (Finneran and Crosson, 2013). This appears to be evident in the nonlinear relationship between gross profit per LU and per kg liveweight with stocking
rate in cow-calf to beef herds in the current study. The current study also demonstrates
that as the cost of concentrates increases, gross profitability reduces, suggesting that
the expected greater herd gross revenue output associated with greater herd
performance as a result of higher concentrate input is not sufficient to offset the greater
cost associated with feeding more concentrates.
Several studies have also investigated the association between herd and farm
size on herd financial performance. Using commercial French beef farm data, Veysset
et al. (2015) reported that larger farms did not generate economies of scale as the fixed
costs of extra infrastructure and mechanization also increased simultaneous with
expanding farm area and herd size. Finneran and Crosson (2013) also reported that
greater scale in intermediate to large-sized farms did not improve beef farm income
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efficiency or profitability as the costs per animal did not necessarily reduce; Finneran
and Crosson (2013) did, however, argue that it may be possible for smaller beef farms
to improve farm efficiency and take advantage of economies of scale by increasing in
size up to an optimum. In agreement with the literature (Finneran and Crosson, 2013;
Veysset et al., 2015), gross profitability per ha, per LU and per kg liveweight plateaued
as herd size increased in the present study, perhaps again due to increasing costs of
concentrate supplementation and diminishing economies of scale in relatively larger
herds.
4.6.2 Genetic merit and financial performance
At the individual animal level, Connolly et al. (2016) demonstrated that cattle
excelling in genetic merit for the Irish beef terminal index were, on average, more
profitable than their lower genetic merit contemporaries, corroborating the results at
the herd level reported in the present study. As the terminal index is expressed on a
PTA scale and not an estimated breeding value scale, a €1 difference in herd terminal
index value of progeny is expected to translate to a €2 difference in herd profit per
progeny slaughtered. The regression coefficient of €1.41 (± 0.23) of gross profit per
LU on herd terminal index in the present study is, however, less than the expectation
of €2. Nevertheless, the Irish terminal index only includes estimates of genetic merit
for eight performance traits whereas gross profit in the present study is the
accumulation of all costs and revenue output of the average animal in each beef herd;
this could cause a deviation in the regression coefficient from expectation. Despite
this, of the herds in systems that reared and/or finished cattle to slaughter, 54% of the
heifers, steers, and young bulls slaughtered in those herds were between the ages of 12
and 23 months of age, inclusive. An increase in gross profit per LU of €1.41 per unit
change in terminal index is reflective of adult cattle ≥ 24 months of age (i.e., 1.0 LU);
assuming that an animal is slaughtered between 12 and 23 months of age (i.e., an
animal of 0.7 LU), every €2 increase in herd terminal index would, in fact, be
associated with a €2.02 increase in herd gross profit per progeny slaughtered between
12 and 23 months of age (i.e., €1.41 per LU/0.7 LU). The equivalent adjusted
coefficient for net profit per progeny slaughtered at 12 and 23 months of age was €1.96
(i.e., €1.37 per LU/0.7 LU). Such adjusted coefficients are within expectation but may
be considered only applicable to cattle within the 12 to 23 months of age group.
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Positive relationships between dam maternal index and herd profit existed in
the current study; however, the regression coefficients were smaller in magnitude than
those reported for the regression of profit on terminal index. While the maternal index
does include moderately heritable terminal traits such as the carcass traits and feed
intake, lowly heritable traits such as survival, fertility, and calving difficulty (Berry
and Evans, 2014) comprise 30% of the trait emphasis in the maternal index, and such
traits may be not as strongly phenotypically expressed as the more heritable terminal
traits. Also, the realization of genetic merit as profit depends on many on-farm
management factors and so there may be underlying non-genetic factors, of which data
were unavailable in the present study, having an impact on the associations between
financial performance and genetic merit. Twomey et al. (2020) and McHugh et al.
(2014) evaluated the phenotypic performance of cattle differing in genetic merit for
fertility and calving traits. Following a similar trend to the relationship between profit
and dam maternal index in the present study, Twomey et al. (2020) and McHugh et al.
(2014) both reported that although phenotypic differences deviated from expectation,
the direction of the association between the phenotype and its measure of genetic merit
was consistent with expectation.
Interestingly, the regression coefficients for financial performance on dam
maternal cow sub-index were almost identical to the respective coefficients for the
dam (total) maternal index even though the coefficients for the calf component of the
maternal index are of the same sign but greater in magnitude than the coefficients for
the cow sub-index. This trend is most likely due to the negative relationship between
the two maternal sub-indexes; there was a correlation of -0.66 between the two herd
average dam maternal sub-indexes in the current study, which is in agreement with
Twomey et al. (2020) who reported a correlation of -0.62 between the calf and cow
contributions of the maternal index in 1,286 high reliability beef sires. Such a negative
relationship is to be expected given a component of the calf sub-index is composed of
several terminal traits which are known to be antagonistically correlated with several
of the reproductive performance traits in the cow sub-index (Berry and Evans, 2014;
Crowley et al., 2011b). The intention of including such terminal traits within the
maternal index is to avert any erosion in progeny carcass performance with selection
on maternal characteristics. In fact, Twomey et al. (2020) demonstrated that cows
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excelling in the beef maternal index had less calving difficulty and better fertility,
while their progeny were able to maintain satisfactory carcass performance.
4.7 Conclusions
Results from the present study at the herd level concur with previous validation
studies at the individual animal level that superior genetic merit for profit-based total
merit indexes (i.e., the terminal and maternal indexes described herein) translate into
greater profit. While the present study was undertaken using Irish data and Irish
breeding indexes, when taken in conjunction with results from other validation studies
using different methodological techniques, there should indeed be strong confidence
among relevant industry partners as to the sustainable gains achievable through
breeding programs.
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5.2 Abstract
The purpose of this study was to define an extensive suite of feeding behaviour
traits in growing crossbred cattle and to investigate their phenotypic inter-relationships
as well as relationships with other performance and efficiency traits. Time-series
feeding behaviour data, as well as feed intake and liveweight records, were available
for 624 growing crossbred cattle, of which 445 were steers and 179 were heifers.
Feeding behaviour repeatability estimates were calculated using linear mixed models.
Additionally, partial Spearman correlations were estimated among 14 feeding
behaviour traits, as well as between feeding behaviour with both performance and feed
efficiency traits, using residuals retained from linear mixed models. The marginal
contribution of several feeding behaviour traits to the variability in metabolizable
energy intake (MEI) was also determined. Repeatability estimates of 0.57, 0.36, and
0.48 were calculated for the number of feed events per day, the total time spent feeding
per day and feeding rate, respectively. Cattle that ate more frequently each day ate at
a faster rate and consumed less energy in each visit to the feed bunk. More efficient
cattle fed less often per day and fed for a shorter duration per day; they also had a
slower feeding rate and fed for longer in each visit to the feed bunk. Moreover, heavier
cattle fed for a longer duration per day, had a faster feeding rate, but fed less often per
day; heavier animals also fed first in the pen after fresh feed was offered. The number
of feed events per day and feeding time per day together explained an additional 13.4
percentage points of the variability in MEI above that already explained by all of
growth rate, liveweight, and backfat depth. The results from the present study suggest
that several repeatable time-series related feeding behaviour traits, that are less
resource intensive to measure, may have a role as useful predictor traits of important
but relatively difficult to record traits, such as feed intake and efficiency.
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5.3 Introduction
The study of animal behaviour is a growing discipline in animal science
(Marchant-Forde, 2015). The association between animal behaviour and reproductive
function, for example, is well established in cattle, with standing to be mounted
behaviour demonstrating a positive indication of oestrus in dairy cows (Stevenson,
2001). Similarly, stereotypic behaviours, such as bar biting in sows, have been used as
signals for environmental enrichment in pig production systems (Lawrence and
Terlouw, 1993). Previous studies have also have attempted to quantify the relationship
between animal behaviour with both feed and environmental efficiency metrics
(Nkrumah et al., 2007b; Robinson and Oddy, 2004). Behavioural differences in laying
hens, for example, have been linked to their efficiency of food utilization in that more
efficient hens spent, on average, more time resting and less time pacing than their low
efficiency contemporaries (Braastad and Katle, 1989).
Several alternative measures of feeding behaviour traits in cattle have been
proposed (Nkrumah et al., 2007b; Robinson and Oddy, 2004; Schwartzkopf-Genswein
et al., 2011) but these have been largely restricted to traits reflecting the mean time
spent eating per day, the mean number of feeding events per day, and the mean feed
intake per minute. Schwartzkopf-Genswein et al. (2011) reported that faster growing
steers also fed at a faster rate. Robinson and Oddy (2004) documented a phenotypic
correlation of 0.18 between the mean number of feeding events per day and feed
efficiency, depicted by residual feed intake (RFI), as well as a correlation of 0.16
between mean time spent feeding per day and RFI in steers and heifers. Additionally,
Nkrumah et al. (2007b) reported that high RFI steers (i.e., deemed to be poorly
efficient) ate more often and for longer per day compared to their lower RFI
contemporaries. Thus, feeding behaviour traits may explain some of the variability in
some animal performance metrics. Given that the measurement of such behavioural
traits is not particularly intensive, this approach could be applied in predicting feed
intake or efficiency, the evaluation of which is otherwise quite resource demanding.
Having access to predictions of feed intake on a large population of animals can be
extremely useful in breeding programs seeking to improve animal feed efficiency
(Amer et al., 2001; Berry et al., 2019a). The objective of the present study was to
derive feeding behaviour traits in growing cattle and to gain a greater understanding
of their relationship with each other, as well as with other performance and efficiency
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related traits. The novelty of the present study lies in the derivation, and knowledge,
of an extensive suite of feeding behaviour traits which may have downstream
applications in both management and breeding strategies to monitor and improve
animal performance.
5.4 Materials and Methods
The data used in the present study were obtained from a pre-existing database
managed by the Irish Cattle Breeding Federation (ICBF). Therefore, it was not
necessary to obtain animal care and use committee approval in advance of conducting
this study.
5.4.1 Data
Feeding-related records, as well as liveweight and ultrasound measurements,
were available from growing cattle that were on test for feed intake at the ICBF Gene
Ireland Progeny Test Centre (Tully, Co. Kildare, Ireland), between the years 2015 and
2019, inclusive. Details of animal recruitment as well as the diet and management of
the animals has been discussed in detail elsewhere (Kelly et al., 2019). All cattle were
purchased in batches by the ICBF from Irish producers between the years 2014 and
2019, inclusive. On arrival at the test station, all cattle were assigned to pens based on
breed and liveweight and then underwent an acclimatization period of between 21 and
30 days, to adapt to the feeding system and environment; the subsequent test period
was approximately 77 to 90 days long. While in the test station, animals were weighed
every 21 days between January 2015 and December 2017, and weekly in 2018 and
2019. Thirty pens were equipped with two automatic feed stations (RIC Feed-Weigh
Trough, Hokofarm Group BV, Marknesse, The Netherlands); each feed station was
mounted on two load cells and there were 4 to 6 animals per pen. All feed stations
provided ad libitum access to feed. Access to clean, fresh water was also provided ad
libitum, with one water trough shared between two adjacent pens.
Each automatic feed station had a pneumatic access gate with an infrared
sensor on one side that recorded the presence of an animal. An antenna directly above
the access gate detected the radio frequency identification (RFID) tag (HDX EID Tag,
Allflex Livestock Intelligence, Dallas, TX) in the animal’s ear to identify the
individual animal in the feed station. The access gate closed after the animal removed
its head from the feeder and the interruption to the infrared sensor ended. A feed event
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commenced when an animal’s RFID tag was first detected and ended after the
interruption of the infrared sensor ended. This process recorded every animal’s visit to
the feeder and the quantity of feed eaten during each visit. The automatic feed station
recorded the quantity of feed eaten in 100 g increments; therefore, a feed event was
defined when ≥100 g of feed on a fresh-weight basis was consumed. Refusals were
discarded in all feed stations daily before feed was refreshed. A total mixed ration
(TMR) of approximately 13.95% hay, 45.35% concentrates and 40.7% water was
provided to the steers and heifers once per day during the test period with a paddle
mixer wagon. From Monday to Friday, the feed stations were refilled between
approximately 09:00 and 17:00, while on Saturday and Sunday, the feed stations were
refilled between approximately 08:30 to 13:00. The TMR was assumed to have a dry
matter of 51% and a metabolizable energy value of 12.1 MJ/kg DM.
5.4.2 Data edits
Before editing, 2,302,960 individual feed event records were available from
854 animals; therefore, there were, on average, 2,697 feed events per animal. All
animals had to be between the ages of 10 and 24 months when they started their test.
All cattle also had to have remained with the same pen of animals throughout the entire
test period. A total of 5 day of feed event records were removed due to feed station
malfunction. Ten animals were identified as sick from a combination of their growth
and feed intake patterns; data from these animals were removed from all analyses.
Subsequently, 1,851,546 feed event records from 710 animals remained. Only animals
with at least 3 liveweight records recorded after the acclimatization period were
retained in the present study. Data from a further 21 animals were removed due to
abnormal growth rates, where the r-squared of a linear regression through their
liveweight records was < 0.90 (Kelly et al., 2019). All data from 50 animals that were
in pens where one or more animals were removed from the pen in previous edits were
removed from all analyses.
From an examination of the duration of feeding time, a total of 996 individual
feed events of greater than 60 minutes in duration and were considered errors; 53,324
(i.e., 3.18% of all feed events after previous edits) individual feed event records from
animals in the affected pens on days in which these erroneous feed events occurred
were removed. Such abnormally long feed events may be due to a failure to record the
exit of an animal from the automatic feed station. For the purpose of data editing,
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feeding rate per feed event was defined as an animal’s dry matter intake (DMI) for an
individual feed event divided by the difference between the feed event start and end
times. One hundred and six feed event records with a feeding rate of ≥ 5 kg/min were
assumed to be errors; therefore, 13,086 (i.e., 0.81% of all feed events after previous
edits) individual feed event records from animals in the affected pens on days in which
these erroneous feed events occurred were removed. These errors may have been due
to a sensor error or an animal raking feed out of the feed station. After the above edits,
all data from animals with fewer than 45 test-day records within the test period were
removed. All data from any pens where one or more animals were removed from a pen
in previous edits were again removed from all analyses. After all edits, 1,591,572
individual feed event records from 624 cattle (179 heifers and 445 steers) remained for
analyses.
5.4.3 Trait definitions
Performance and efficiency traits. The definitions of the performance and
efficiency traits have previously been described by Kelly et al. (2019), using a dataset
which included the animals in the present study. Daily metabolizable energy intake
(MEI) was calculated by summing, per day, the feed energy consumed in each feed
event and averaging across valid test days. Average daily gain (ADG) was calculated
as the linear regression coefficient from a simple linear regression of individual
liveweight on day of test; only liveweight records after the acclimatization period were
used. Mid-test weight was represented as liveweight 35 days before the end of the test
derived from the intercept and linear regression coefficient of liveweight on days on
test. The same approach was used to estimate mid-test metabolic liveweight (MBW)
(i.e., liveweight0.75) in that it was derived from the intercept and linear regression
coefficient of metabolic liveweight measures on day of test. Ultrasound measurements
of fat depth (UFD) were recorded as described by Kelly et al. (2019). In the present
study, only the last ultrasound fat depth measurement pre-slaughter was retained for
each animal; 519 animals had a record for ultrasound fat depth.
Energy conversion ratio (ECR) was defined as MEI divided by ADG. Residual
energy intake (REI) was calculated as the residuals from a multiple linear regression
of MEI on both mid-test metabolic liveweight and ADG; batch was included in the
model as a class effect. Where ultrasound records were available, a separate trait of
REI adjusted for ultrasound fat depth (REIU) was calculated as the residuals from a
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multiple linear regression of MEI on all of mid-test metabolic liveweight, ADG,
ultrasound fat depth as well as a two-way interaction between ultrasound fat depth with
both ADG and mid-test metabolic liveweight; batch was included in the model as a
class effect. Residual gain (RG) was calculated as the residuals from a multiple linear
regression of ADG on both MEI and MBW; batch was included in the model as a class
effect. Where ultrasound records were available, a separate trait of RG adjusted for
ultrasound fat depth (RGU) was calculated as the residuals from a multiple linear
regression of ADG on all of MEI, MBW, ultrasound fat depth as well as a two-way
interaction between ultrasound fat depth with both MEI and MBW; batch was included
in the model as a class effect. Residual intake and gain (RIG) was calculated as RG
minus REI, each standardized to a variance of 1 (Berry and Crowley, 2012). Similarly,
residual intake and gain adjusted for ultrasound fat depth (RIGU) was calculated as
RGU minus REIU, each standardized to a variance of 1.
Traditional feeding behaviour traits. Any individual feed event that started on
one calendar day and finished on the next day was assigned to the day in which that
feed event started. The following traits were calculated from individual feed events
and, after repeatability estimates were generated (discussed in more detail later), each
feeding behaviour trait was averaged across valid test days such that a single average
value per animal was generated. Feeding behaviour traits calculated at the feed event
level were:


Energy intake per feed event (MJ)



Feed event duration (min), which was the time between the start and end time
of the feed event



Time between feed events (min), which was the time interval between the end
of one feed event and the start of the next feed event.

Feeding behaviour traits calculated at the day level were:


Number of feed events per day



Feeding time per day (min), calculated by summing, per day, the duration of
each feed event



Feeding rate (MJ/min), calculated as the total MEI per day divided by feeding
time per day.
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Meal behaviour traits. For each animal, individual feed events were clustered
into meals; meals were assumed to be composed of short time intervals between feed
events within meals and short intervals within meals where cattle went to the water
trough, while longer time intervals separated consecutive meals. As proposed by
Tolkamp and Kyriazakis (1999b) and Yeates et al. (2001), the time intervals, in
seconds, between feed events for all steers and heifers were log-transformed, pooled
together, and a mixture of a Gaussian distribution and two Weibull distributions were
fitted to the frequency distribution of the pooled log-transformed time intervals using
PROC FMM (SAS v9.4, SAS Institute Inc., Cary, NC, USA). The intersection of the
two Weibull distributions was estimated to be 23.9 minutes and was considered the
meal duration cut-off time. There was no difference in the meal duration cut-off times
when calculated for steers and heifers separately. A new meal for an animal was
defined as occurring when the time interval between two consecutive feed events
exceeded the estimated duration cut-off time of 23.9 minutes. Any meal that started on
one calendar day and finished on the next day was attributed to the day in which that
meal started. The following traits were derived from clustering feed events into meals
and, after repeatability estimates were calculated (discussed later), each meal
behaviour trait was averaged across valid test-days such that a single average value
was generated per animal. Meal behaviour traits calculated at the meal level were:


Total metabolizable energy intake per meal (MJ)



Meal duration (mins), which was the time between the start and end time of a
meal



Number of feed events per meal, which was the number of feeding events that
formed a meal



Time between feed events within a meal (min), which was the time interval
between consecutive feed events within a meal



Time between meals (min), which was the time interval between the end of one
meal and the start of the next meal.

Meal behaviour traits calculated at the day level were:


Number of meals per day



Total meal time per day (min), calculated by summing, per the day, the time
spent in each meal and included the time within meals when an animal was
both feeding and not feeding.
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Dominance. Higher social dominance rank generally governs priority to
resources (Syme, 1974). Therefore, the order, within a pen, in which an animal entered
an automatic feed station after the feed was refreshed, was used as a measure of intrapen dominance. Feeding order was defined for each animal as the within pen rank
order of an individual animal’s first feed event after the feed stations were refilled; a
lower feed rank order value represented a more dominant animal. While two feeding
stations were present in each pen, only the minimum feeding order value per animal
per day (irrespective of feed station) was used as its feed rank order for that day. A
graphical description of the definition of intra-pen feeding order is provided in Figure
5.1.

Figure 5.1. A graphical description of intra-pen feeding order. Steers A and B feed
first at their respective feed stations after the feed is refreshed at 11:00 and are both
assigned a feed rank order of 1. After 5 minutes has passed, Steer A finishes feeding,
leaves feed station 1, and is replaced by Steer B; Steer B retains their feed rank order
of 1. Steer C is the second animal to feed at feed station 2 and is thus assigned a feed
rank order of 2 and so on.
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A general heterosis coefficient and recombination loss coefficient for each
animal was calculated as
1 − ∑𝑛𝑖=1 𝑠𝑖𝑟𝑒𝑖 × 𝑑𝑎𝑚𝑖

and

1 − ∑𝑛𝑖=1

(𝑠𝑖𝑟𝑒𝑖 2 ×𝑑𝑎𝑚𝑖 2 )
2

respectively, where sirei and dami are the proportion of breed i in the sire and dam,
respectively (VanRaden and Sanders, 2003). The heterosis coefficient for each animal
was divided into 12 classes (0%, 10 classes each of 10 percentage units from 0% to
100%, exclusive, and 100%), and the recombination loss coefficient for each animal
was divided into 7 classes (0%, 5 classes each of 10 percentage units from 0% to 50%,
exclusive, and ≥ 50%).
5.4.4 Statistical analyses
Before averaging each feeding behaviour trait over the test period, repeatability
estimates for the feeding behaviour traits were calculated as
𝜎𝑏2
𝑡= 2
(𝜎𝑏 + 𝜎𝑤2 )
where 𝑡 denotes repeatability, 𝜎𝑏2 denotes the between-animal variance, and
𝜎𝑤2 denotes the within-animal variance. Variance components were estimated in linear
mixed models using PROC MIXED (SAS v9.4, SAS Institute Inc., Cary, NC, USA)
where the fixed effects were those as described later; animal within batch was included
as a random effect. Repeatability estimates were not calculated for the time interval
traits. After the feeding behaviour traits were averaged across the test period, the
factors associated with each of the feeding behaviour, performance, and efficiency
traits were quantified using univariate linear mixed models also in SAS 9.4. Fixed
effects considered in all models were age in months at the end of test, sex (steer or
heifer), heterosis coefficient class, recombination loss coefficient class, the number of
animals in a pen (4, 5, or 6), dam parity (1, 2, 3, 4, ≥ 5, and missing), and animal breed
proportion fitted as a series of linear covariates, with a separate covariate in each model
for each breed. Breeds included in all analyses were Holstein-Friesian, AberdeenAngus, Hereford, Shorthorn, Limousin, Charolais, Simmental, Aubrac, Parthenaise,
Saler, Blonde d’Aquitaine, and Belgian-Blue. Pen nested within batch was included as
a random effect in all models. The residuals from the mixed models for all traits were
retained and used to estimate partial Spearman’s rank correlations among and between
the feeding behaviour, performance, and efficiency traits. In a separate analysis with
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MEI as the dependent variable, the traits reflecting feeding time per day, feed events
per day, total meal time per day and meals per day were progressively added to a model
already including MBW, ADG, and UFD to investigate their marginal contribution to
explaining the variability in MEI.
5.5 Results
Raw descriptive statistics and repeatability estimates for the feeding behaviour
traits are presented in Table 5.1. On average, the cattle in the present study ate for
142.36 minutes per day, with a feeding frequency of 34.41 feed events per day; the
average time per feed event was 4.88 minutes. Of all of the traditional feeding
behaviour traits, energy intake per feed event had the largest inter-animal variability
(CV = 38.1%), while the number of feed events per meal had the largest CV of 36.9%
of the meal behaviour traits. Repeatability estimates for the traditional feeding
behaviour traits at the day level were larger than the repeatability estimates of the feed
event level feeding behaviours. Similarly, the day-level meal behaviour repeatability
estimates were greater than the repeatability estimates for the meal level traits.
Interestingly, the within-pen feeding order after the feed was refreshed was moderately
repeatable indicating that cattle were somewhat consistent in the order they went to
feed; feeding order repeatability estimates were also similar between heifers and steers
(repeatability estimates of 0.40 and 0.37 for heifers and steers, respectively).
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Table 5.1. Raw means (µ), standard deviations (σ), and repeatability estimates (t) for
the traditional feeding behaviour traits, feeding order, and the meal behaviour traits1.
Trait
Feed events per day
Feeding time per day, min
Feeding rate, MJ/min
Feed event duration, min
Energy intake per feed event, MJ
Feeding order
Mean time between feed events, min
Meals per day
Total meal time per day, min
Feed events per meal
Energy intake per meal, MJ
Meal duration, min
Mean time between meals, min
Mean time between feed events
within a meal, min

µ

σ

t

34.41
142.36
1.09
4.88
5.08

12.30
25.07
0.23
1.78
1.94

0.57
0.36
0.48
0.13
0.12
0.39

42.31
8.13
228.51
4.28
18.50
27.87
151.55

15.16
1.12
38.19
1.58
3.94
5.15
23.91

3.57

1.04

0.21
0.32
0.06
0.03
0.05

1

Means and standard deviation were not calculated for feeding order nor were repeatability estimates
calculated for the time interval traits.

5.5.1 Correlations among and between the traditional and the meal feeding
behaviour traits
Based on the correlations analyses, cattle that ate more often per day fed at a
faster rate and had both a lesser energy intake per feed event and shorter duration feed
events (Table 5.2). On the other hand, cattle that ate for longer per day ate at a slower
rate and had longer feed events. Strong positive correlations existed between the feed
event level traits (i.e., energy intake per feed event and time per feed event) and the
mean time interval between feed events; this would be expected, mathematically, and
suggests that cattle that had shorter time intervals between feed events consumed a
lesser amount of energy in each feed event and had shorter duration feed events. In
general, cattle that came to the feeder earlier after the feed was refreshed, ate more
often per day and ate for longer each day. Animals that had more meals per day ate
less per meal, had shorter meals, and had shorter time intervals between meals; they
also had fewer feed events within a meal and had a longer total meal time per day
(Table 5.3).
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Table 5.2. Partial Spearman correlations among the traditional feeding behaviour traits and feeding order1.
Trait
Feeding time per day
Feeding rate
Energy intake per feed event
Feed event duration
Mean time between feed events
Feeding order

Feed events
per day

Feeding time
per day

0.06
0.20
-0.78
-0.80
-0.92
-0.13

-0.65
0.07
0.38
-0.14
-0.13

Feeding rate

0.06
-0.40
-0.11
0.01

Energy
intake per
feed event

0.85
0.85
0.04

Feed event
duration

0.82
0.04

Mean time
between feed
events

0.12

Spearman correlations ≤ |0.07| were not different (P > 0.05) from zero.

1
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Table 5.3. Partial Spearman correlations among the meal behaviour traits1.
Total meal
time per day

Feed events
per meal

Total meal time per day
Feed events per meal
Energy intake per meal
Meal duration
Mean time between meals

0.22
-0.21
-0.72
-0.65
-0.97

0.43
-0.04
0.27
-0.40

0.38
0.18
0.13

0.63
0.69

0.55

Mean time between feed
events within a meal

0.15

0.00

-0.64

-0.35

-0.20

Spearman correlations ≤ |0.04| were not different (P > 0.05) from zero.

1

Energy
intake per
meal

Meals per
day

Trait

Meal
duration

Mean time
between
meals

-0.15

The correlations between the traditional feeding behaviour traits, feeding order,
and the meal behaviour traits are presented in Table 5.4. Cattle that spent longer
feeding each day had, on average, meals of longer duration and also ate more per meal.
Animals that ate at a faster rate had, on average, a shorter total meal time per day and
also had shorter duration meals. The correlations between feeding order and all of
meals per day, energy intake per meal, and meal duration (correlations of -0.16, 0.02,
0.03, respectively) were similar to the correlations between feeding order and all of
feed events per day, energy intake per feed event, and feed event duration (correlations
of -0.13, 0.04, and 0.04, respectively).
5.5.2 Correlations between traditional feeding behaviour traits and both
performance and efficiency traits
Cattle that ate more per day, fed more frequently and for longer each day; they
also ate at a faster rate and consumed more in each feed event (Table 5.5). Similarly,
heavier cattle fed for longer each day, had a faster feeding rate, and consumed more
energy per feed event; although they had fewer feed events per day, the heavier animals
tended to feed first within the pen. Animals that grew faster also fed at a faster rate,
ate for longer each day, and spent a longer time in each feed event. More efficient
cattle (i.e., lower ECR, REI, REIU, and greater RG, RGU, RIG, RIGU) exhibited
different feeding behaviour patterns in comparison to their lower efficiency
counterparts. Across all of the efficiency traits, more efficient cattle fed less frequently
per day; they also had a slower feeding rate and had longer duration feed events. In
general, cattle that fed sooner after the feed was refreshed were heavier and fatter, grew
faster, and consumed more energy per day.
5.5.3 Correlations between meal behaviour traits and both performance and
efficiency traits
In general, cattle that consumed more energy per day also had a longer total
meal time per day, had a greater energy intake per meal, and had longer duration
individual meals with more feed events within a meal (Table 5.6). Both heavier cattle
and faster growing cattle consumed more energy per meal. The meal feeding behaviour
of cattle differed depending on whether the animal was deemed to be efficient or not.
Across all feed efficiency traits, more efficient cattle generally had more meals per day
albeit the correlations between the efficiency traits and meals per day were weak; the
more efficient animals also had a shorter total meal time per day.
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5.5.4 Feeding behaviour and the variability in metabolizable energy intake
The contribution of different feeding behaviour traits to the variability in MEI
for the 519 animals with ultrasound records is presented in Table 5.7. The inclusion of
feed events per day explained an additional 9.2 percentage points of the variability in
MEI above that explained by just MBW, ADG, and UFD; this is greater than the
additional 3.3 percentage points of the variability in MEI explained by the inclusion
of feeding time per day in the model that already included MBW, ADG, and UFD. The
inclusion of both feed events per day plus feeding time per day together explained 13.4
percentage points more of the variability in MEI above that explained by MBW, ADG,
and UFD; of all models tested, it was the model with the lowest RMSE of 9.23% of
the mean MEI. In comparison, the variation in MEI explained by the model that
included MBW, ADG, and UFD improved by only 5.2% with the addition of both the
number of meals per day and total meal time per day and had a RMSE that was 10.32%
of the mean MEI.

136

Table 5.4. Partial Spearman correlations between the meal behaviour traits and both the traditional feeding behaviour traits and feeding order1.

Trait

137

Feed events per day
Feeding time per day
Feeding rate
Energy intake per feed event
Feed event duration
Mean time between feed events
Feeding order

Meals
per day

Total meal
time per
day

Feed
events
per meal

Energy
intake
per meal

Meal
duration

Mean time
between
meals

Mean time between
feed events within a
meal

0.20
0.02
-0.05
-0.26
-0.23
-0.22
-0.16

0.56
0.58
-0.36
-0.48
-0.26
-0.61
-0.03

0.88
0.04
0.24
-0.65
-0.69
-0.81
-0.04

0.07
0.16
0.36
0.30
0.11
-0.03
0.02

-0.09
0.70
-0.43
0.24
0.44
0.05
0.03

-0.29
-0.12
0.12
0.34
0.26
0.32
0.14

-0.57
-0.13
-0.17
0.35
0.40
0.56
0.22

Spearman correlations ≤ |0.07| were not different (P > 0.05) from zero.

1

Table 5.5. Partial Spearman correlations between the traditional feeding behaviour traits and feeding order with a selection of performance and
efficiency traits1.
Trait2

MEI

ADG

MBW

UFD

ECR

REI

REIU

RG

RGU

RIG

RIGU

Feed events per day

0.29

0.00

-0.05

0.13

0.21

0.38

0.40

-0.08

-0.13

-0.29

-0.32

Feeding time per day

0.27

0.16

0.11

0.19

0.01

0.21

0.18

0.09

0.10

-0.09

-0.06

Feeding rate

0.46

0.12

0.26

-0.02

0.20

0.37

0.41

-0.07

-0.10

-0.27

-0.32

Energy intake per feed event

0.18

0.15

0.26

-0.04

-0.05

0.03

0.02

0.09

0.12

0.04

0.06

Feed event duration

-0.06

0.07

0.11

-0.03

-0.13

-0.16

-0.19

0.10

0.14

0.16

0.19

Mean time between feed events

-0.24

-0.02

0.04

-0.14

-0.17

-0.32

-0.33

0.06

0.11

0.24

0.27

Feeding order

-0.14

-0.11

-0.20

-0.16

0.03

-0.04

-0.01

-0.07

-0.08

-0.02

-0.04
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Spearman correlations ≤ |0.08| were not different (P > 0.05) from zero.

1

Table 5.6. Partial Spearman correlations between the meal behaviour traits with performance and efficiency traits1.
Trait2

MEI

ADG

MBW

UFD

ECR

REI

REIU

RG

RGU

RIG

RIGU

Meals per day

-0.07

0.05

-0.01

0.05

-0.06

-0.08

-0.09

0.06

0.07

0.09

0.10

Total meal time per day

0.17

0.06

-0.01

0.21

0.08

0.22

0.21

-0.01

-0.01

-0.13

-0.14

Feed events per meal

0.31

-0.02

-0.05

0.11

0.23

0.40

0.43

-0.10

-0.15

-0.31

-0.36

Energy intake per meal

0.66

0.20

0.31

0.13

0.22

0.54

0.55

-0.02

-0.04

-0.35

-0.37

Meal duration

0.24

0.09

0.07

0.12

0.05

0.22

0.19

0.03

0.04

-0.12

-0.10

Mean time between meals

0.04

-0.05

0.02

-0.07

0.05

0.03

0.05

-0.06

-0.06

-0.05

-0.07

Mean time between feed
events within a meal

-0.32

-0.05

-0.04

-0.12

-0.19

-0.37

-0.38

0.07

0.09

0.28

0.30

Spearman correlations ≤ |0.08| were not different (P > 0.05) from zero.
MEI = metabolizable energy intake; MBW = mid-test metabolic liveweight; UFD = ultrasound fat depth; ECR = energy conversion ratio; REI = residual energy intake; REIU
= REI adjusted for UFD; RG = residual gain; RGU = RG adjusted for UFD; RIG = residual intake and gain; RIGU = RIG adjusted for UFD.

1
2

Table 5.7. Multiple coefficients of determination (R2) and root mean squared error
(RMSE) for models with metabolizable energy intake (MEI) as the dependent variable
and feeding behaviour traits as independent variables.
R2

RMSE
(MJ/day)

Base Model [ADG + MBW + UFD +
(UFD×ADG) + (UFD×MBW)]

0.533

16.14

Base Model + feed events/day

0.624

14.50

Base Model + feeding time/day

0.566

15.60

Base Model + total meal time/day

0.570

15.56

Base Model + meals/day

0.544

16.02

Base Model + feed events/day + feeding time/day

0.667

13.70

Base Model + total meal time/day + meals/day

0.585

15.32

MEI Model1

1

ADG = average daily gain; MBW = mid-test metabolic liveweight; UFD = ultrasound fat depth.

5.6 Discussion
The study of animal behaviour is a growing discipline within animal science,
and of interest is knowledge of the factors associated with animal behaviour
(Marchant-Forde, 2015). The study of feeding behaviour in particular is popular in the
literature (Forbes, 2007), especially because the adoption of radio frequency
technology has made the monitoring of the feed intake and feeding behavioural
patterns of individual animals far easier and less expensive to undertake (Durunna et
al., 2011b). Nevertheless, the associations between a multitude of different feeding
behaviour traits at each of the feed event level, meal level, and day level, have not been
extensively investigated in the same group of growing beef cattle. Therefore, the
objective of the present study was to derive several feeding behaviour traits in growing
crossbred cattle to gain a better understanding of their inter-relationships as well as
their relationships with common performance and efficiency traits.
Of the studies that have explicitly reported phenotypic correlations between
feeding behaviour traits and both performance and efficiency traits in a relatively large
cohort of cattle (Kelly et al., 2010; Lancaster et al., 2009b; Lin et al., 2013; Nkrumah
et al., 2007b; Robinson and Oddy, 2004; Schwartzkopf-Genswein et al., 2011), the
present study is one of the largest. Furthermore, there is a paucity of studies (Kelly et
al., 2010) that have reported repeatability estimates for feeding behaviour traits in
cattle using mixed models methodology, and few studies (Durunna et al., 2011b; Herd
et al., 2019; McGee et al., 2014) have calculated the contribution of different feeding
behaviour traits to the variation in either DMI or MEI. There are also a paucity of
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studies (McGee et al., 2014) reporting correlations at both the feed event level and
meal level with performance and efficiency traits in the same cohort of cattle;
moreover, information on correlations between feeding behaviour and both RG and
RIG are apparently non-existent.
5.6.1 Repeatability of feeding behaviour and feeding order
Calculating the repeatability of a trait is important when determining whether
that trait can provide worthwhile information in the monitoring of animal behaviour,
and whether the behaviour follows a consistent pattern over time. Repeatability
estimates also set the upper threshold for heritability estimates; knowledge of the
heritability of a trait can help inform a breeding scheme design such as the value of an
animal’s own record(s) or the number of progeny records required to achieve a high
accuracy of selection. Repeatability estimates from the present study for the day-level
traits suggest that cattle have a moderately consistent feeding behaviour pattern from
day-to-day; in contrast, feeding behaviour appears to be less repeatable at both the feed
event and meal level. Based on 50 Limousin × Friesian heifers on an 84 day long test
for feed efficiency, the repeatability estimates, calculated using a mixed model, for
feeding time per day, number of feed events per day and feeding rate (estimates of
0.37, 0.60, and 0.56, respectively) reported by Kelly et al. (2010) were larger than the
repeatability estimates for the same traits calculated in the present study. Unlike the
present study, Kelly et al. (2010) did not include any fixed effects in their mixed model
when calculating their feeding behaviour repeatability estimates. In addition, Kelly et
al. (2010) reported a repeatability of 0.62 for feed intake per feed event which is much
greater than the respective repeatability of 0.12 calculated herein; this is most likely
due the fact that Kelly et al. (2010) actually calculated average feed intake per feed
event per day (i.e., DMI per day divided by feed events per day) instead of the actual
energy intake for each individual feed event used in the present study. In the present
study, with no fixed effects included in the mixed model, a repeatability of 0.58 was
calculated for feed intake per feed event when defined as described by Kelly et al.
(2010); averaging a trait across a day will remove a large proportion of the within-day
variance associated with that trait which will increase that repeatability estimate.
Using time series data and repeatability to determine a social hierarchy in farmanimal species has been previously investigated (Berry and McCarthy, 2012). For
example, Berry and McCarthy (2012) that the order in which dairy cows entered the
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milking parlour for milking, determined using electronic milk recording meters, was
moderately repeatable (within and across lactation repeatability estimates of 0.51 and
0.47, respectively). Interestingly, few studies have investigated the relationship
between dominance, defined using a rank order trait, and both feeding behaviour and
efficiency in beef cattle. As feeding order was moderately repeatable, this suggests
that a social hierarchy was established within the pen and remained relatively
consistent across the test period. Cattle with a lower feed rank order (i.e., fed soon after
the feed was refreshed) were considered more socially dominant in the present study;
these more dominant animals fed more frequently per day, and for longer each day,
which is in agreement with previous research by Llonch et al. (2018b) in loose-housed
beef steers in which visual observation was used to determine dominance. Bennett and
Holmes (1987) also used visual observation of competitive interactions to define
feeding order in yearling steers. In the study of Bennett and Holmes (1987), dominant
cattle also had a lower rank order value (i.e., fed soon after fresh feed was offered and
won a greater proportion of competitive interactions at the feed bunk); heavier cattle
were considered more dominant which is consistent with the results from the present
study. Nevertheless, the feed intake test procedures employed at the ICBF are designed
to limit the effects of social dominance between animals (Beef Improvement
Federation, 2018) by penning animals of the same breed and of similar liveweight
together, with 4 to 6 animals per pen; this may have contributed to the weak
correlations between feeding order and both performance and efficiency reported in
the present study. Stronger relationships between feeding order and both performance
and efficiency may be more evident if animals are penned in larger groups or if feed
bunk space is limited. Nevertheless, similar to the current study, albeit using a different
definition of dominance, Haskell et al. (2019) reported that there was no association
between dominance and either feed conversion ratio or RFI in crossbred Charolais (n
= 41) and Luing (n = 39) steers when penned at 20 animals per pen and where pens
were balanced for breed, age, and liveweight at the start of test.
5.6.2 Feeding behaviour, performance, and feed efficiency
The present study is the first to report phenotypic correlations between
traditional feeding behaviour traits and meal behaviour traits in the same large cohort
of cattle. Although, total feeding time per day is encompassed within total meal time
per day, the moderate correlation that exists between these two traits is perhaps due to
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the time within meals where the animal is not feeding, which is included in the total
meal time per day trait. More efficient cattle (i.e., lower REI) ate less often per day
and ate for a shorter duration per day in the present study, which is in agreement with
the cattle literature (Kelly et al., 2010; Lin et al., 2013; Nkrumah et al., 2007b;
Robinson and Oddy, 2004). Less efficient cattle seem to binge feed in each feed event,
while also feeding more frequently daily, whereas more efficient cattle tend to eat at a
slower rate, while also eating a lesser total amount of feed daily. Richardson and Herd
(2004) demonstrated that higher efficiency (i.e., lower RFI) was associated with
greater feed digestibility in Angus steers, and the results from the present study imply
that more efficient animals may have a slower rate of food passage through the
digestive tract thus allowing relatively more time for feed digestion. It appears that
feed efficiency is also related to energy expenditure associated with feeding activity.
In their review of the physiological basis of RFI, Herd and Arthur (2009) reported that
a relatively large proportion of the variation in RFI could be due to the energy cost of
different levels of physical activity between animals and this also appears to be the
case in the present study. The greater feeding activity of poorly efficient cattle may be
related to their greater actual physical activity, especially in the feedlot conditions of
the present study. Similar relationships between feed efficiency and both feeding and
physical activity have been quantified in other species. For example, previous research
in battery hens (Braastad and Katle, 1989) has demonstrated that hens of a lowefficiency (i.e., high RFI) selection line spent more time per day pecking at feed,
walking, and pacing, and displayed more aggressive behaviours than hens from a highefficiency (i.e., low RFI) selection line. Additionally, more feed efficient pigs (i.e.,
low RFI) were found to feed less frequently per day and for a shorter duration per day
(de Haer et al., 1993).
5.6.3 Estimating feed intake using feeding behaviour
Studies to date in growing cattle indicate that the number of feed events per
day explained an additional 5.7 to 6.0 percentage points of the variability in DMI over
and above that already explained by MBW, ADG, and backfat depth (Durunna et al.,
2011b; Herd et al., 2019); this is less than the 9.2 percentage point improvement
observed in the present study for MEI. Additionally, in steers fed a high energy
finishing diet, Durunna et al. (2011b) reported an increase in R2 from 54% to 64%
when both feeding time per day and number of feed events per day were included in a
142

model with DMI as the dependent variable; this is similar to the calculated increase
from 53% to 67% for the R2 of the MEI model in the present study. To the best of our
knowledge, McGee et al. (2014) is the only other study in cattle to report the marginal
contribution of meal behaviour traits to the variability in DMI. Across two cohorts of
Wagyu bulls, the variation explained in DMI increased by 2.0 to 10.0 percentage points
when the number of meals per day was added to a model that already including MBW,
ADG, and rib fat thickness (McGee et al., 2014). This increase in R2 is larger than the
1.1 percentage point increase in variability in MEI explained by the addition of the
number of meals per day in the present study.
A strong correlation may have been expected between feeding time per day
and MEI in the present study, but the observed weak correlation may have been due to
the relationship between feeding time per day and feeding rate. To test this, feeding
rate was included as a covariate in the mixed model with feeding time per day as the
dependent variable. The Spearman correlation between feeding time per day and MEI
increased from 0.27 to 0.79 when feeding time per day was corrected for differences
in feeding rate, which confirms that the variation in feeding rate between animals may
be responsible for the observed weak correlation between feeding time per day and
MEI. Additionally, the explained variability in MEI increased from 56.6% to 92.5%
when feeding rate was added to a model that already included MBW, ADG, UFD, and
feeding time per day. The model R2 increased to 99.5% when a two-way interaction
between feeding time per day and feeding rate was also included, so the model
explained almost all of the variation in MEI, perhaps partly due to the fact that energy
intake is itself included in the derivation of feeding rate. Nevertheless, the correlation
between MEI and feeding time per day reported herein was not different (P > 0.05)
from the correlations of either DMI or feed intake with feeding time per day reported
previously in the cattle literature (Kelly et al., 2010; Lin et al., 2013; Nkrumah et al.,
2007b; Robinson and Oddy, 2004; Schwartzkopf-Genswein et al., 2011). Although the
strength of the correlations between the feeding behaviour traits and MEI varied from
weak to moderate, several feeding behaviour traits which were not explicitly derived
from feed intake still explained a significant proportion of variation in MEI, and
therefore may have roles as useful predictor traits of feed intake where feed intake
itself is not being measured, though not as the sole predictor variable. Furthermore,
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our results suggest that the more repeatable traditional feeding behaviour traits are
better predictor traits of energy intake than the meal behaviour traits.
5.6.4 Benefits of measuring and utilizing feeding behaviour
Time-related feeding behaviour could be simply measured at the feed bunk
using a receiver at the feed face and an RFID tag (or a similar system) in the animal’s
ear. Compared to measuring feed intake directly, measuring feeding behaviour
provides relatively inexpensive feeding activity data that may have downstream
applications in breeding and management strategies to monitor and improve animal
performance. Knowledge of the relationships between feeding behaviour and
performance can provide useful information to the producer seeking to approximate
individual animal feed intake for feed rationing and financial budgeting purposes. For
example, from the regression of MEI on the relevant fixed effects and either feeding
time per day or the number of feed events per day in the present study, a 10 minute
increasing in daily feeding time was associated with a 2.47 MJ (± 0.35 MJ) increase
in MEI, and each extra feed event per day was associated with a 0.55 MJ (± 0.067 MJ)
increase in MEI.
Similar to the present study, the dominance of animals could be established
using time series feeding behaviour data, collected on-farm, which may directly
benefit on-farm management decisions. For example, penning dominant and
subordinate cattle together could reduce aggressive social interactions and thereby
reduce the risk of injury to individual cattle and to the herdsperson (Bouissou, 1980).
Conversely, although the dominance-subordinate relationship between two animals is
generally stable over time (Bouissou, 1980), the introduction of unfamiliar animals to
each other may lead to a new social hierarchy and thus change which animals are
dominant or subordinate. Additionally, a sensor at the feed bunk in combination with
an RFID ear tag has the added benefit of providing the ability to monitor feeding
patterns and identify temporal deviations from same. Indeed, the potential benefits of
measuring such feeding behaviour extend beyond just estimating feed intake but can
be applied to monitoring the health and welfare of animals also. For example, analysis
of temporal deviations in feeding behaviour has been demonstrated to facilitate the
early detection of morbidity in weaned steers (Quimby et al., 2001), and to enable the
early detection of bovine respiratory disease complex in Angus bulls (Kayser et al.,
2019). Moreover, data on feeding behaviour patterns could be beneficial in
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confinement systems where a large group of cattle are housed together; for example,
the on-farm analysis of feeding behaviour as part of precision farm management could
help identify those animals that are perhaps being bullied at the feed bunk by their
contemporaries and enable early intervention by the herdsperson, before animal
performance or welfare is compromised. Using feeding behaviour to identify such
health related issues and unfavourable social interactions could be more widely
adopted within industry as sensor technology improves and becomes less expensive
for the end user to implement.
5.7 Conclusions
Considerable phenotypic variation in feeding behaviour between animals was
detected, and it is clear that complex interactions exist among different feeding
behaviour traits as well as between feeding behaviour patterns and both performance
and efficiency traits, regardless of whether feeding behaviour is quantified at the day
level, meal level, or visit level. Knowledge of the relationships between repeatable
feeding behaviour traits and both performance and efficiency in growing cattle can
provide information on the usefulness of feeding behaviour traits to predict other traits
that are more resource intensive to measure, such as feed intake and feed efficiency.
Access to predictions of feed intake on a large population of animals can be extremely
useful in breeding objectives that aim to improve the efficiency of feed utilization
(Amer et al., 2001; Berry et al., 2019a)
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6.2 Abstract
The objectives of the present study were to estimate genetic parameters for
several feeding behaviour traits in growing cattle, as well as the genetic associations
among and between feeding behaviour and both performance and feed efficiency traits.
An additional objective was to investigate the use of feeding behaviour traits as
predictors of genetic merit for feed intake. Feed intake and live-weight data on 6,088
growing cattle were used of which 4,672 had ultrasound data and 1,548 had feeding
behaviour data. Feeding behaviour traits were defined based on individual feed events
or meal events (where individual feed events were grouped into meals). Univariate and
bivariate animal linear mixed models were used to estimate (co)variance components.
Heritability estimates (± SE) for the feeding behaviour traits ranged from 0.19 ± 0.08
for meals per day to 0.61 ± 0.10 for feeding time per day. The coefficient of genetic
variation per trait varied from 5% for meals per day to 22% for the duration of each
feed event. Genetically heavier cattle, those with a higher daily energy intake (MEI),
or those that grew faster had a faster feeding rate, as well as a greater energy intake
per feed event and per meal. Better daily feed efficiency (i.e., lower residual energy
intake) was genetically associated with both a shorter feeding time per day and shorter
meal time per day. In a validation population of 321 steers and heifers, the ability of
estimated breeding values (EBV) for MEI to predict (adjusted) phenotypic MEI was
demonstrated; EBVs for MEI were estimated using multi-trait models with different
sets of predictor traits such as liveweight and/or feeding behaviours. The correlation
(± SE) between phenotypic MEI and EBV for MEI marginally improved (P < 0.001)
from 0.64 ± 0.03 to 0.68 ± 0.03 when feeding behaviour phenotypes from the
validation population were included in a genetic evaluation that already included
phenotypic mid-test metabolic live-weight from the validation population. This is one
of the largest studies demonstrating that significant exploitable genetic variation exists
in the feeding behaviour of young crossbred growing cattle; such feeding behaviour
traits are also genetically correlated with several performance and feed efficiency
metrics. Nonetheless, there was only a marginal benefit to the inclusion of time-related
feeding behaviour phenotypes in a genetic evaluation for MEI to improve the precision
of the EBVs for this trait.
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6.3 Introduction
As interest in sensory systems for monitoring livestock species intensifies, the
study of feeding behaviours and their potential application in livestock husbandry
continues to grow. Several studies in swine (Quiniou et al., 2000; Young and
Lawrence, 1994), poultry (Collins and Sumpter, 2007; Meunier-Salaün and Faure,
1984), cattle (Ingrand, 2000), and sheep (Behrendt et al., 2021) have investigated the
dynamics of feeding behaviour across time, environments, and diets; of particular
interest is the role of feeding behaviour in the control of voluntary feed intake in
animals (Forbes, 2007). The contribution of genetic variability to inter-animal
differences in feeding behaviour and its potential use in the selection of farm animal
species is also gaining in popularity (Labroue et al., 1997; Lu et al., 2017; Olson et al.,
2020b)
Several feeding behaviour traits have also been documented to be moderately
heritable in different beef populations (Chen et al., 2014; Durunna et al., 2013;
Nkrumah et al., 2007b; Olson et al., 2020b; Robinson and Oddy, 2004). Indeed, using
data from 1,481 beef steers and heifers fed a grain based diet, Robinson and Oddy
(2004) reported heritability estimates (± SE) of 0.36 ± 0.05 and 0.44 ± 0.07 for the
time spent feeding per day and the number of feeding events per day, respectively.
Similarly, in a population of 1,394 crossbred replacement beef females fed a roughagebased diet, Olson et al. (2020b) reported heritability estimates (± SE) of 0.25 ± 0.05
and 0.26 ± 0.06 for the time spent feeding per day and the number of feeding events
per day, respectively. Reported genetic correlations between feeding behaviour and
both performance and feed efficiency metrics have also varied in magnitude and
direction across different cattle populations. Genetic correlations ranging from 0.03
(Robinson and Oddy, 2004) to 0.56 (Nkrumah et al., 2007b) have been reported
between feed intake and feeding time per day, with respective SE of 0.13 and 0.20.
Likewise, genetic correlations between residual feed intake (RFI) and the number of
feeding events per day have ranged from -0.34 (Nkrumah et al., 2007b) to 0.43
(Robinson and Oddy, 2004), with SE ranging from 0.11 to 0.30. In general, studies
investigating the extent of genetic variability in feeding behaviour have been relatively
small; as a result, reported genetic correlations between feeding behaviour and both
performance and feed efficiency traits in cattle suffer from a general lack of precision.

148

The objective, therefore, of the present study was to estimate genetic
parameters for several feeding behaviour traits, as well as the genetic associations
among and between feeding behaviour and both performance and feed efficiency traits
in a relatively large population of growing beef cattle. In addition, of interest was the
potential use of feeding behaviour traits as predictors of genetic merit for feed intake.
6.4 Materials and Methods
Animal care and use committee approval was not required in advance of
conducting this study as all data were obtained from a pre-existing database managed
by the Irish Cattle Breeding Federation (ICBF).
6.4.1 Data
Feed intake, live-weight, and ultrasound data were available from growing
cattle that were on test for feed intake at the ICBF Performance Test Centre (19922011, inclusive), and later the ICBF Gene Ireland Progeny Test Centre (2012-present
day) Tully, Co. Kildare, Ireland. Prior to 2012, the test centre operated as a bull
performance test station and details of the bull recruitment and centre management
practices are described in detail by Crowley et al. (2010). The test centre changed
function in August 2012 when young bulls, steers, and heifers entered the test centre
in batches to be evaluated for feed intake and efficiency and were subsequently
slaughtered at the end of the test period. Some batches of animals that entered the test
centre from 2015 onwards also had feeding behaviour data; details of animal
recruitment and centre management from 2012 onwards are described by Kelly et al.
(2019). No data were available from the test centre in the transitionary period of
October 2011 to July 2012, inclusive. The main breeds represented included Limousin,
Charolais, Aberdeen Angus, Simmental, Belgian-Blue, Hereford, Friesian, Holstein,
Saler, Shorthorn, Aubrac, Parthenaise, and Blonde d’Aquitaine.
Prior to 2012, bulls generally entered the test station in three different groups
annually, hereafter referred to as batches. Bulls were offered ad libitum concentrates
through a Calan Broadbent gate system (American Calan, Northwood, NH) throughout
their test period. To calculate total weekly concentrate intake, concentrate refusals
were recorded one day per week and then subtracted from the cumulative concentrate
offered over the previous seven days. Bulls were offered 1.5kg fresh weight of grass
hay daily and ad libitum access to fresh water. Bulls were weighed every 14 days
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between 1992 and 1995, and between 2005 and 2008, and every 21 days between 1995
and 2005, and between 2008 and 2011. All hay was assumed to have a dry matter of
85% and a metabolizable energy concentration of 8.6 MJ / kg DM. The concentrates
offered to bulls between September 1992 and September 2002 was assumed to have a
dry matter of 87.5% and a metabolizable energy concentration of 12.1 MJ / kg DM;
the concentrate offered to bulls between October 2002 and September 2011 was
assumed to have a dry matter of 86% and a metabolizable energy concentration of 14.5
MJ / kg DM. Daily metabolizable energy intake (MEI) for each bull was defined as
the sum of daily hay dry matter intake multiplied by hay metabolizable energy
concentration plus daily concentrate dry matter intake multiplied by concentrate
metabolizable energy concentration.
From 2012 onwards, young bulls, steers, and heifers entered the test centre in
batches where each batch was composed of one sex; four months was the maximum
age range of cattle within a batch. Cattle within a batch were allocated to pens based
on breed and live-weight, and subsequently underwent an acclimatization period of 21
to 30 days, followed by a test period approximately 77 to 98 days (Kelly et al., 2019).
At the end of their test period, all animals within a batch were slaughtered within a
week of each other. Cattle that entered the test centre from 2012 onwards were weighed
on average, weekly between August 2012 and August 2013, every 21 days between
September 2013 and December 2017, weekly in 2018 and 2019, and every 21 days in
2020 and 2021. Only young bulls were allocated to 10 pens that had a Calan Broadbent
gate system, while all other pens in the centre were equipped with automatic feed
stations (RIC Feed-Weigh Trough, Hokofarm Group BV, Marknesse, The
Netherlands). On average, there were two to three animals per automatic feed station
that provided ad libitum access to feed. Throughout the test period, young bulls were
given ad libitum access to concentrates alongside a daily allocation of 2 kg fresh
weight of grass hay. As with bulls pre-2012, concentrate intake of young bulls fed
through the Calan gates was calculated weekly by recording concentrate refusals of
each bull one day per week and subtracting from the cumulative feed offered over the
previous seven days; this sum was subsequently divided by seven to obtain average
daily concentrate intake within this time period. A total mixed ration (TMR) of
approximately 45.5% concentrates, 13.6% hay, and 40.9% water on a fresh weight
basis was fed to all steers and heifers. Daily feed intake from cattle fed through the
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automatic feed stations was calculated by summing, per day, the feed consumed in
each feed event; this was then averaged across all valid test days. The concentrates
offered to bulls between August 2012 and 2021 was assumed to have a dry matter of
86% and a metabolizable energy concentration of 14.1 MJ/kg DM. The TMR was
assumed to have a dry matter of 51% and a metabolizable energy concentration of 12.1
MJ/kg DM. Daily metabolizable energy intake (MEI) per animal was calculated as the
animal’s daily total dry matter intake multiplied by the energy concentration of the
diet.
All bulls tested between the years 1992 and 2011 had to be between eight and
16 months of age when they started their test; all young bulls, steers, and heifers tested
between the years 2012 and 2021 had to be between 10 and 24 months of age when
they started their test. Only animals with at least three live-weight records after the
acclimatization period were retained for further analysis. Data from a further 178
animals were removed due to abnormal growth rates, where the r-squared of a linear
regression through their live weight records was < 0.90 (Kelly et al., 2019). Seventeen
animals were identified as sick from a combination of their growth and feed intake
patterns; data from these animals were removed from all further analyses. For cattle
fed through the automatic feed stations, five days of feed intake records were removed
due to a weight malfunction on those days, and data from the last day of test were
removed where there was an incomplete feed intake record on that day (Kelly et al.,
2020b). Only steers and heifers on test had feeding behaviour data. Furthermore,
additional steps were taken to remove potentially erroneous time related feeding
behaviour data, which are described in detail by Kelly et al. (2020b) but are mentioned
briefly here. Feed events greater than 60 minutes in duration and/or feed events with a
dry matter intake per minute >5 kg/min were considered errors and all feed intake and
feeding behaviour data from an animal in the test-day that these erroneous feed events
occurred were removed (Kelly et al., 2020b). Subsequently, animals with fewer than
45 test-day records within the test period were removed (Kelly et al., 2020b). Finally,
118 cattle without a known sire were also removed. After all edits, performance and
feed efficiency data were available on 6,088 cattle (2,942 pre-2012 bulls, 1,598 post2011 young bulls, 937 steers, and 611 heifers), of which 4,672 animals had ultrasound
data and 1,548 steers and heifers had feeding behaviour data.
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A general heterosis coefficient and recombination loss coefficient for each
animal were calculated as
1 − ∑𝑛𝑖=1 𝑠𝑖𝑟𝑒𝑖 × 𝑑𝑎𝑚𝑖

and

1 − ∑𝑛𝑖=1

(𝑠𝑖𝑟𝑒𝑖2 ×𝑑𝑎𝑚𝑖2 )
2

respectively, where sirei and dami are the proportion of breed i in the sire and dam,
respectively (VanRaden and Sanders, 2003). As per Twomey et al. (2016), the
heterosis coefficient for each animal was divided into 12 classes (0%, 10 classes of
10% from 0% to 100%, exclusive, and 100%), and the recombination loss coefficient
for each animal was divided into seven classes (0%, five classes of 10% from 0% to
50%, exclusive, and ≥ 50%).
6.4.2 Trait definitions
Performance and feed efficiency traits. Kelly et al. (2019) previously
described definitions of the performance and feed efficiency traits using a dataset that
included a subset of animals in the present study. The linear regression coefficient
from a simple linear regression of individual live-weight on day of test was defined as
average daily gain (ADG); only live-weight records after the acclimatization period
were used. Mid-test metabolic live-weight (MBW) (i.e., live-weight0.75) was
represented as metabolic live-weight 35 days before the end of the test, derived from
the intercept and linear regression coefficient of metabolic live-weight measures on
the day of test. Ultrasound measurements of fat depth (UFD) were recorded as
described by Kelly et al. (2019). Where an animal had two measures of UFD in the
test centre, only the last measurement before the end of test (bulls test pre-2012), or
pre-slaughter (cattle tested post-2011) was retained in the current study.
Energy conversion ratio (ECR) was defined as MEI divided by ADG. Residual
energy intake (REI) was calculated as the residuals from a multiple linear regression
of MEI on both MBW and ADG. A separate trait of REI adjusted for ultrasound fat
depth (REIU) was calculated using the same method as for defining REI, but UFD as
well as two-way interactions between UFD with both ADG and MBW were also
included as fixed effects in the model. Residual gain (RG) was calculated as the
residuals from a multiple linear regression of ADG on both MEI and MBW. Similarly,
a separate trait of RG adjusted for UFD (RGU) was calculated as the residuals from a
multiple linear regression of ADG on all of MEI, MBW, UFD as well as two-way
interactions between UFD with both MEI and MBW. Batch was included in the model
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for the derivation of all residual efficiency traits. Residual intake and gain (RIG) was
calculated as RG-REI, each standardized to a variance of 1 (Berry and Crowley, 2012).
Similarly, residual intake and gain adjusted for UFD (RIGU) was calculated as RGUREIU, each standardized to a variance of 1.
Feeding behaviour traits. Time series feeding behaviour data from automatic
feed stations were available from steers and heifers that were tested for feed intake
from the year 2015 onwards. The derivation and definitions of all of the feeding
behaviour traits used in the present study have been described previously by Kelly et
al. (2020b). Each feeding behaviour trait described herein was averaged across valid
test days, such that a single average value per animal was generated. The traditional
feeding behaviour traits were calculated from individual feed events and included 1)
energy intake per feed event (MJ/feed event), 2) feed event duration (min), 3) the time
between feed events (min), 4) the number of feed events per day (n/day), 5) feeding
time per day (min/day), and 6) feeding rate (MJ/min).
In order to derive the meal feeding behaviour traits, individual feed events were
clustered into meals for each animal, as described by Kelly et al. (2020b); meals were
assumed to include short time intervals between feed events within meals and short
intervals within meals where cattle interrupted a feed event to go to the water trough,
while longer time intervals separated consecutive meals (Yeates et al., 2001).
Following the methods proposed by Tolkamp and Kyriazakis (1999b) and Yeates et
al. (2001), the time intervals, in seconds, between feed events for all steers and heifers
were log-transformed, pooled, and a mixture of a Gaussian distribution and two
Weibull distributions were fitted to the overall frequency distribution of the pooled
log-transformed time intervals using PROC FMM (SAS v9.4, SAS Institute Inc., Cary,
NC, USA). A mixture of two Gaussian distributions and one Weibull distribution was
also tested, but the mixture of a Gaussian distribution and two Weibull distributions
was chosen as it had the lower Akaike Information Criterion. The intersection (± SE)
of the two Weibull distributions was estimated to be 21.70 ± 0.11 minutes, and thus a
new meal started for an animal if the time interval between two consecutive feed events
exceeded 21.70 minutes. The meal feeding behaviour traits of interest were 1) energy
intake per meal (MJ/meal), 2) meal duration (min), 3) the number of feed events per
meal (n/meal), 4) time between feed events within a meal (min), 5) the time between
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meals (min), 6) the number of meals per day (n/day), and 7) total meal time per day
(min/day).
6.4.3 Statistical analyses
Genetic and residual variance components, and subsequently heritability
estimates, for the performance, efficiency, and feeding behaviour traits were estimated
using a series of univariate animal linear mixed models in ASReml (Gilmour et al.,
2009). Fixed effects considered, as per Kelly et al. (2019) from a subset of the data in
the present study, were batch (i.e., contemporary group effect), heterosis class,
recombination loss class, age in months at the end of test, the 2-way interaction
between age in months at the end of test and animal sex, and dam parity (1, 2, 3, 4, ≥5,
and missing). Animal was included as a random effect, and the average genetic
relationships among animals were considered by tracing the pedigree of each animal
back to founder animals, which were allocated to genetic groups based on breed. The
pedigree file consisted of 75,662 animals and the median completed generation
equivalents (CGE; (McParland et al., 2007) was 2.80; there were 20,725 sires and
48,920 dams in the pedigree file, and the mean level of inbreeding of the 18,084 inbred
animals was 1.96%. Genetic and residual covariance components among the feeding
behaviour traits, and between the feeding behaviour traits and both the performance
and feed efficiency traits, were estimated using a series of bivariate animal linear
mixed models; fixed and random effects in the models were those used in the
univariate analyses.
6.4.4 Genetic evaluation
Several genetic evaluations were undertaken in the MiX99 software suite
(MiX99 Development Team, 2015) to investigate the benefit of including the feeding
behaviour traits of feeding time per day, the number of feed events per day, total meal
time per day, and the number of meals per day in a genetic evaluation in order to
generate estimated breeding values (EBV) for MEI. Only records from the 1,548 steers
and heifers with all of feed intake, live-weight and feeding behaviour data were used
in the genetic evaluation. Of these 1,548 cattle, 321 steers and heifers that finished
their feed intake test between September 2020 and January 2021 were defined as the
validation population, as younger animals are usually selection candidates. Eight
separate genetic evaluations (i.e., scenarios) were undertaken as follows, with different
traits included in the multi-trait models to generate EBVs for MEI (EBVMEI):
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Scenario 1) Univariate evaluation for MEI using MEI data from the 1,227 animals that
were not validation animals.
Scenario 2) Multi-trait evaluation with covariances fitted between MEI and MBW
using phenotypic data from the 1,227 animals in Scenario 1.
Scenario 3) Multi-trait evaluation with covariances fitted between MEI and the four
feeding behaviour traits using phenotypic data from the 1,227 animals in
Scenario 1.
Scenario 4) Multi-trait evaluation with covariances fitted between MEI, MBW, and
the four feeding behaviour traits using phenotypic data from the 1,227
animals in Scenarios 1, 2 and 3.
Scenario 5) Scenario 2 above but with MBW phenotypes from the 321 validation
animals also included.
Scenario 6) Scenario 3 above but with feeding behaviour phenotypes from the 321
validation animals also included.
Scenario 7) Scenario 4 above but with both MBW and feeding behaviour phenotypes
from the 321 validation animals also included.
Scenario 8) Scenario 1 above but with the MEI phenotypes of the 321 validation
animals also included.
Phenotypic MEI records of all validation animals were masked in the
evaluation except for one genetic evaluation (i.e., scenario 8). Fixed and random
effects included in the model for each trait in the genetic evaluations were the same as
those described in the estimation of variance components; similarly, the (co)variance
components used in the genetic evaluations were those estimated in the present study.
The pedigree file for the genetic evaluations included 49,372 animals and the median
CGE was 2.84; the pedigree included 15,907 sires and 31,902 dams and the mean level
of inbreeding of the 11,100 inbred animals was 2.28%. Only the pedigree of the 1,548
cattle with records for all of feed intake, liveweight, and feeding behaviour was utilized
in the genetic evaluations.
Within the validation population, the predictive ability of the EBVMEI from
each genetic evaluation scenario was determined by calculating the Pearson correlation
between adjusted phenotypic MEI and the respective EBVMEI. For all 1,548 steers and
heifers, adjusted phenotypic MEI (i.e., yield deviations) was calculated by fitting a
univariate animal linear mixed model in MiX99 and removing the fixed effect
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solutions; fixed and random effects include in the model were those described in the
estimation of variance components. Additionally, for each scenario, adjusted
phenotypic MEI was regressed on the respective scenario estimate of EBV MEI, and so
eight separate regressions were undertaken; this was undertaken to determine the unit
change in adjusted phenotypic MEI for each unit change in EBVMEI.
6.5 Results
The mean age at the end of test (± standard deviation) for the cattle in the
present study was 391 days (± 37 days), 486 days (± 52 days), 624 days (± 69 days),
and 564 days (± 80 days), for bulls tested pre-2012, young bulls tested post-2011,
steers, and heifers, respectively. Heritability estimates (± SE) were weak to moderate
for the feeding behaviour traits ranging from 0.19 ± 0.08 for the number of meals per
day to 0.61 ± 0.10 for the time spent feeding per day (Table 6.1). Heritability estimates
were greater, on average, for the traditional feeding behaviour traits than for the meal
feeding behaviour traits. Of the feeding behaviour traits, the greatest genetic variation
was for the duration of each feed event (coefficient of genetic variation (CVg) = 22%),
and the lowest was for the number of meals per day (CVg = 5%). Heritability estimates
and summary statistics for the performance and feed efficiency traits were reported
previously by Kelly et al. (2019) for a subset of the cattle in the present study, but are
summarized in Appendix N; the study of Kelly et al. (2019) included cattle from the
period of 1992 to 2019, while the present study included cattle from the same test
station but from the period 1992 to 2021.
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Table 6.1. Raw means (µ), genetic SD (σg), heritability (h2), and coefficient of genetic
variation (CVg) for the feeding behaviour traits of 1,548 steers and heifers.
Trait
Feed events per day, n
Feeding time per day, min
Feeding rate, MJ/min
Feed event duration, min
Energy intake per feed event, MJ
Time between feed events, min
Meals per day, n
Total meal time per day, min
Feed events per meal, n
Energy intake per meal, MJ
Meal duration, min
Time between meals, min
Time between feed events within
a meal, min

µ

σg

h2 (SE)

CVg

32.98
133.80
1.12
4.50
4.81
43.98
8.14
213.40
4.08
17.91
26.69
153.70

6.88
15.21
0.12
1.00
0.97
8.43
0.44
20.28
0.78
1.59
2.60
10.06

0.51 (0.097)
0.61 (0.100)
0.44 (0.093)
0.48 (0.094)
0.47 (0.095)
0.43 (0.095)
0.19 (0.080)
0.49 (0.097)
0.41 (0.093)
0.26 (0.083)
0.35 (0.089)
0.22 (0.083)

21
11
11
22
20
19
5
10
19
9
10
7

3.47

0.53

0.40 (0.094)
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6.5.1 Correlations among the feeding behaviour traits
The genetic and residual correlations among the traditional feeding behaviour
traits are in Table 6.2. A greater time spent feeding each day was genetically associated
with a lower feeding rate and a longer feed event duration. Strong negative genetic and
residual correlations existed between the number of feed events per day with energy
intake per feed event, feed event duration, and the time interval between feed events.
Similarly, energy intake per feed event, feed event duration, and the time interval
between feed events were all genetically and residually strongly correlated with each
other [genetic (± SE) and residual correlations of 0.81 ± 0.05 to 0.93 ± 0.03 and 0.87
to 0.90, respectively]; this finding is mathematically expected due to the arithmetical
relationship that exists between these traits.
The number of meals per day was strongly genetically and residually correlated
with energy intake per meal and the time interval between meals (Table 6.3). Genetic
correlations of 0.56 ± 0.12, 0.80 ± 0.08, and -0.57 ± 0.15 existed between the total
meal time per day and the number of feed events per meal, meal duration, and the time
interval between meals, respectively. Relative to the respective genetic correlations,
weaker residual correlations of 0.35, 0.54, and -0.34 existed between the total meal
time per day and the number of feed events per meal, meal duration, and the time
interval between meals, respectively.
The genetic and residual correlations between the traditional feeding behaviour
and the meal feeding behaviour traits are in Table 6.4. The residual correlations were
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generally of the same sign as the respective genetic correlations. A greater number of
feed events per day was not only genetically associated with a greater number of meals
per day, but also was associated with a longer total meal time per day. The genetic
correlation of 0.95 ± 0.02 between the number of feed events per day and the number
of feed events per meal indicates that both traits were genetically very similar. Energy
intake per feed event was genetically correlated with energy intake per meal (genetic
correlation of 0.55 ± 0.15); similarly, there was a genetic correlation of 0.61 ± 0.16
between the time interval between feed events and the time interval between meals.
6.5.2 Correlations between feeding behaviour and both performance and feed
efficiency
The genetic correlations between the traditional feeding behaviour traits and
the performance and feed efficiency traits are in Table 6.5. Genetically heavier cattle,
those with a higher MEI, or those that grew faster had, on average, a faster feeding rate
and a greater energy intake per feed event. Genetic correlations of 0.30 ± 0.12 and 0.32
± 0.13 existed between UFD and both feeding time per day and feed event duration,
respectively. In general, the traditional feeding behaviour traits were not genetically
associated with any of the efficiency traits, although there was a genetic correlation of
0.36 ± 0.11 between the time spent feeding per day and REI. Residual correlations
between the traditional feeding behaviour traits and the feed efficiency traits ranged
from -0.36 (feeding rate and RIG) to 0.41 (feeding rate and REI).
The genetic correlations between the meal feeding behaviour traits and both
performance and feed efficiency traits are in Table 6.6. Apart from energy intake per
meal, genetic correlations between the meal feeding behaviour traits and MEI were
weak and not different from zero. A higher energy intake per meal was associated with
both heavier and faster growing cattle. UFD was not genetically correlated with any
of the meal feeding behaviour traits. In contrast to the traditional feeding behaviour
traits, several meal feeding behaviour traits were genetically associated with feed
efficiency. Genetically more feed efficient cattle, in terms of a lower REI, on average,
had a shorter meal time per day, higher energy intake per meal, and a longer time per
meal. Moderately positive genetic correlations existed between REIU and both the
number of meals per day and the total meal time per day. Similarly, genetic
correlations of -0.36 ± 0.18 and -0.34 ± 0.15 existed between RIGU with both meals
per day and total meal time per day, respectively. Both greater RG and RGU were
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genetically associated with a higher energy intake per meal, although residually
associated with a lower energy intake per meal. Both the number of feed events per
meal and the time between feed events within a meal were not genetically associated
with any of the performance and feed efficiency traits.
6.5.3 Genetic evaluation
The ability to predict phenotypic MEI in the validation population, as well as
the coefficients from the regression of adjusted phenotypic MEI on EBVMEI, from the
different genetic evaluation scenarios is in Table 6.7. Correlations between adjusted
phenotypic MEI and EBVMEI where EBVMEI was estimated from the phenotypes of
different combinations of MEI, MBW and feeding behaviour traits (i.e., Scenario one,
two, three and four) did not differ (P > 0.05) from each other. A greater (P < 0.001)
accuracy of prediction of phenotypic MEI was achieved when the MBW phenotypes
of validation animals were included in the genetic evaluation (i.e., scenario five;
correlation of 0.64 ± 0.03) compared to when just the feeding behaviour phenotypes
of validation population animals were included in the evaluation (i.e., scenario six;
correlation of 0.44 ± 0.05). Nonetheless, compared to all previous scenarios (i.e.,
scenarios one to six), the accuracy of prediction of phenotypic MEI was slightly better
(P < 0.001) when both MBW and feeding behaviour phenotypes from the validation
population were included in the evaluation (i.e., scenario seven). As expected, the
greatest predication accuracy achieved was when the actual MEI phenotypes of the
validation population were used to estimate EBVMEI (i.e., scenario eight). The
regression coefficients of phenotypic MEI on MEI were less than one (P < 0.05) for
scenarios one to four, greater than one (P < 0.001) for scenarios five, seven and eight,
but not different from one (P > 0.05) for scenario six. The expectation was that a oneunit increase in EBVMEI would be associated with a one-unit increase in phenotypic
MEI.
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Table 6.2. Genetic correlations (below the diagonal; SE in parentheses) and residual correlations 1 (above the diagonal) among the traditional
feeding behaviour traits.
Feeding time
per day

Trait
Feeding time per day
Feed events per day
Feeding rate
Energy intake per feed event
Feed event duration
Time between feed events

-0.02 (0.14)
-0.74 (0.07)
0.12 (0.14)
0.52 (0.11)
-0.05 (0.15)

Feed events
per day
-0.02

Feeding rate

-0.05 (0.15)
-0.89 (0.04)
-0.83 (0.05)
-0.97 (0.02)

-0.65
0.44

Energy intake
per feed event
0.03
-0.68
-0.06

0.18 (0.15)
-0.35 (0.14)
0.12 (0.16)

0.85 (0.04)
0.93 (0.03)

Feed event
duration
0.29
-0.75
-0.47
0.87

Time between
feed events
-0.11
-0.79
-0.25
0.90
0.89

0.81 (0.05)

SE of the residual correlations were all ≤ 0.13 and the mean residual correlation SE was 0.08.

1
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Table 6.3. Genetic correlations (below diagonal; SE in parentheses) and residual correlations1 (above diagonal) among the meal feeding behaviour
traits.
Trait
Meals per day
Total meal time per day
Feed events per meal
Energy intake per meal
Meal duration
Time between meals
Time between feed events
within a meal

Meals per
day

Total meal
time per day
0.23

Feed events
per meal
-0.39
0.35

Energy intake
per meal
-0.75
0.01
0.58

0.31 (0.20)
0.23 (0.25)
-0.62 (0.15)
-0.28 (0.21)
-0.93 (0.03)

0.56 (0.12)
-0.13 (0.19)
0.80 (0.08)
-0.57 (0.15)

-0.15 (0.21)
0.48 (0.13)
-0.37 (0.18)

0.26 (0.19)
0.57 (0.16)

0.29 (0.18)

0.02 (0.23)

-0.17 (0.16)

-0.66 (0.10)

-0.27 (0.19)

-0.14 (0.16)

SE of the residual correlations were all ≤ 0.11 and the mean residual correlation SE was 0.07.

1

Meal
duration
-0.66
0.54
0.60
0.67

Time between
meals
-0.95
-0.34
0.36
0.74
0.65
-0.02 (0.22)

Time between feed
events within a meal
-0.39
0.10
-0.56
-0.24
-0.03
-0.12

Table 6.4. Genetic (SE in parentheses) and residual correlations1 between the traditional and meal feeding behaviour traits.

Feed events per day
Feeding time per day
Feeding rate
Energy intake per feed event
Feed event duration
Time between feed events

Meals per
day
0.48 (0.19)
0.01 (0.20)
0.00 (0.22)
-0.43 (0.20)
-0.36 (0.20)
-0.44 (0.20)

Total meal
time per day
0.61 (0.10)
0.69 (0.08)
-0.57 (0.11)
-0.53 (0.11)
-0.16 (0.15)
-0.66 (0.09)

Feed events
per meal
0.95 (0.02)
-0.03 (0.15)
-0.07 (0.16)
-0.85 (0.06)
-0.80 (0.07)
-0.93 (0.04)

Feed events per day
Feeding time per day
Feeding rate
Energy intake per feed event
Feed event duration
Time between feed events

0.10
0.10
-0.10
-0.21
-0.16
-0.24

0.59
0.50
-0.26
-0.45
-0.29
-0.56

-0.06
0.00
0.47
-0.56
-0.65
-0.64

Trait
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Genetic correlations
Energy intake
Meal
per meal
duration
-0.29 (0.18)
0.34 (0.15)
0.23 (0.17)
0.69 (0.10)
0.28 (0.17)
-0.57 (0.14)
0.55 (0.15)
-0.28 (0.16)
0.33 (0.18)
0.06 (0.17)
0.30 (0.19)
-0.40 (0.15)
Residual correlations
0.06
0.34
0.21
0.28
0.43
-0.10
0.19
-0.17
-0.02
-0.10
-0.04
-0.23

SE of the residual correlations were all ≤ 0.11 and the mean residual correlation SE was 0.09.

1

Time between
meals
-0.61 (0.17)
-0.16 (0.18)
0.11 (0.21)
0.55 (0.17)
0.40 (0.18)
0.61 (0.16)

Time between feed
events within a meal
-0.59 (0.11)
-0.10 (0.15)
0.01 (0.17)
0.40 (0.14)
0.41 (0.13)
0.53 (0.12)

-0.23
-0.12
0.19
0.23
0.14
0.28

0.03
-0.56
-0.30
0.54
0.58
0.60

Table 6.5. Genetic (SE in parentheses) and residual correlations1 between the traditional feeding behaviour traits and the performance and feed
efficiency traits.
Trait

2

Feed events per day
Feeding time per day
Feeding rate
Energy intake per feed event
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Feed event duration
Time between feed events
Feed events per day
Feeding time per day
Feeding rate
Energy intake per feed event
Feed event duration
Time between feed events

MEI
0.03
(0.12)
0.26
(0.11)
0.45
(0.10)
0.36
(0.12)
0.11
(0.13)
-0.02
(0.13)

ADG
-0.08
(0.14)
0.16
(0.13)
0.29
(0.14)
0.35
(0.14)
0.13
(0.15)
0.07
(0.15)

MBW
-0.22
(0.13)
-0.18
(0.12)
0.40
(0.11)
0.41
(0.12)
0.09
(0.13)
0.26
(0.14)

UFD
-0.13
(0.13)
0.30
(0.12)
-0.20
(0.13)
0.24
(0.13)
0.32
(0.13)
0.16
(0.14)

0.42
0.22
0.36
-0.02
-0.22
-0.33

0.12
0.22
0.12
0.03
-0.03
-0.14

0.21
0.36
0.39
0.14
-0.02
-0.21

0.26
0.00
0.21
-0.14
-0.26
-0.27

Genetic Correlations
ECR
REI
REIU
0.05
0.17
0.18
(0.14) (0.12) (0.13)
-0.17
0.36
0.19
(0.13) (0.11) (0.13)
-0.07
0.11
0.17
(0.15) (0.12) (0.14)
-0.21
0.03
-0.05
(0.14) (0.13) (0.14)
-0.12
0.03
-0.13
(0.14) (0.13) (0.14)
-0.04
-0.20
-0.23
(0.15) (0.13) (0.14)
Residual Correlations
0.15
0.37
0.39
0.09
0.07
0.17
0.21
0.41
0.35
0.07
0.04
0.03
-0.05
-0.21
-0.14
-0.08
-0.23
-0.23

RG
-0.05
(0.15)
0.10
(0.14)
0.13
(0.16)
0.23
(0.15)
0.10
(0.15)
0.05
(0.16)

RGU
-0.08
(0.16)
0.00
(0.16)
0.23
(0.17)
0.25
(0.17)
0.06
(0.17)
0.06
(0.18)

RIG
-0.16
(0.14)
-0.18
(0.13)
-0.03
(0.15)
0.12
(0.15)
0.05
(0.15)
0.19
(0.15)

RIGU
-0.20
(0.15)
-0.14
(0.15)
-0.02
(0.16)
0.19
(0.16)
0.16
(0.16)
0.23
(0.16)

-0.09
0.06
-0.17
-0.05
0.06
0.02

-0.05
0.14
-0.21
-0.06
0.08
0.00

-0.30
-0.10
-0.36
-0.08
0.15
0.18

-0.30
-0.08
-0.37
-0.07
0.14
0.17

SE of residual correlations were all ≤ 0.11 and the mean residual correlation SE was 0.08.
MEI = metabolizable energy intake; ADG = average daily gain; MBW = mid-test metabolic live-weight; UFD = ultrasound fat depth; ECR = energy conversion ratio; REI =
residual energy intake; REIU = REI adjusted for UFD; RG = residual gain; RGU = RG adjusted for UFD; RIG = residual intake and gain; RIGU = RIG adjusted for UFD.
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Table 6.6. Genetic (SE in parentheses) and residual correlations1 between the meal feeding behaviour traits and the performance and feed efficiency
traits.
Trait2
Meals per day
Total meal time per day
Feed events per meal
Energy intake per meal
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Meal duration
Time between meals
Time between feed events
within a meal
Meals per day
Total meal time per day
Feed events per meal
Energy intake per meal
Meal duration
Time between meals
Time between feed events
within a meal

MEI
0.00
(0.19)
0.12
(0.13)
0.00
(0.13)
0.78
(0.08)
0.09
(0.14)
-0.04
(0.17)
-0.18
(0.13)

ADG
-0.21
(0.21)
-0.01
(0.15)
-0.05
(0.15)
0.67
(0.15)
0.13
(0.16)
0.20
(0.20)
-0.15
(0.16)

MBW
-0.23
(0.14)
-0.37
(0.12)
-0.22
(0.13)
0.46
(0.14)
-0.30
(0.14)
0.31
(0.15)
-0.02
(0.14)

UFD
0.05
(0.18)
0.07
(0.13)
-0.21
(0.14)
0.08
(0.16)
0.04
(0.15)
-0.08
(0.17)
0.01
(0.14)

0.02
0.24
0.37
0.47
0.18
-0.06

0.18
0.20
0.03
0.12
0.00
-0.20

0.12
0.24
0.17
0.43
0.14
-0.16

0.05
0.19
0.24
0.17
0.10
-0.07

Genetic Correlations
ECR
REI
REIU
0.21
0.19
0.30
(0.21) (0.18) (0.15)
-0.07
0.39
0.33
(0.14) (0.12) (0.13)
0.03
0.15
0.11
(0.15) (0.13) (0.14)
-0.42
0.37
0.23
(0.18) (0.12) (0.15)
-0.20
0.27
0.14
(0.16) (0.13) (0.16)
-0.14
-0.28
-0.38
(0.20) (0.17) (0.19)
0.03
-0.13
-0.04
(0.15) (0.13) (0.15)
Residual Correlations
-0.14
-0.09
-0.13
0.06
0.09
0.13
0.18
0.35
0.40
0.32
0.51
0.50
0.15
0.13
0.19
0.11
0.07
0.11

-0.27

0.00

-0.14

-0.13

-0.16

-0.31

-0.36

RG
-0.25
(0.22)
-0.02
(0.15)
0.00
(0.17)
0.50
(0.19)
0.18
(0.17)
0.24
(0.21)
-0.15
(0.17)

RGU
-0.25
(0.18)
-0.18
(0.17)
0.00
(0.17)
0.49
(0.20)
0.04
(0.19)
0.29
(0.18)
-0.21
(0.18)

RIG
-0.27
(0.18)
-0.27
(0.13)
-0.12
(0.15)
0.02
(0.18)
-0.08
(0.16)
0.33
(0.20)
0.02
(0.15)

RIGU
-0.36
(0.18)
-0.34
(0.15)
-0.13
(0.17)
0.07
(0.21)
-0.09
(0.18)
0.44
(0.21)
-0.07
(0.17)

0.19
0.08
-0.15
-0.24
-0.10
-0.18

0.20
0.17
-0.15
-0.23
-0.05
-0.21

0.15
-0.08
-0.31
-0.49
-0.18
-0.12

0.18
-0.03
-0.34
-0.48
-0.17
-0.17

0.18

0.20

0.32

0.36

SE of residual correlations were all ≤ 0.12 and the mean residual correlation SE was 0.08.
MEI = metabolizable energy intake; ADG = average daily gain; MBW = mid-test metabolic live-weight; UFD = ultrasound fat depth; ECR = energy conversion ratio; REI =
residual energy intake; REIU = REI adjusted for UFD; RG = residual gain; RGU = RG adjusted for UFD; RIG = residual intake and gain; RIGU = RIG adjusted for UFD.
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Table 6.7. Pearson correlations1 (r; SE in parentheses) between adjusted phenotypic daily energy intake (MEI) and the estimated breeding value
for MEI (EBVMEI) for each evaluation scenario in a validation population of 321 steers and heifers. Also shown is the coefficient (b; SE in
parentheses) from the regression of adjusted phenotypic MEI on the EBVMEI from each evaluation scenario.
Genetic evaluation scenario2
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Scenario 1: Univariate evaluation for MEI with all phenotypes from the validation population masked
Scenario 2: Multi-trait evaluation with covariances fitted between MEI and MBW and all phenotypes from the
validation population masked
Scenario 3: Multi-trait evaluation with covariances fitted between MEI and FB and all phenotypes from the
validation population masked
Scenario 4: Multi-trait evaluation with covariances fitted between MEI, MBW, and FB and all phenotypes from
the validation population masked
Scenario 5: Multi-trait evaluation with covariances fitted between MEI and MBW and just MEI phenotypes
from the validation population masked
Scenario 6: Multi-trait evaluation with covariances fitted between MEI and FB and just MEI phenotypes from
the validation population masked
Scenario 7: Multi-trait evaluation with covariances fitted between MEI, MBW, and FB and just MEI
phenotypes from the validation population masked
Scenario 8: Univariate evaluation for MEI with no phenotypes from the validation population masked
a-e

r (SE)

b (SE)3

0.35a (0.05)

0.75a (0.11)*

0.35a (0.05)

0.75a (0.11)*

0.35a (0.05)

0.75a (0.11)*

0.35a (0.05)

0.75a (0.11)*

0.64b (0.03)

1.25b (0.08)**

0.44c (0.05)

0.94a (0.11)

0.68d (0.03)

1.34b (0.08)***

0.93e (0.01)

1.54c (0.04)***

Correlations and regression coefficients within a column with different subscripts differ (P < 0.05).
All correlations were both different from zero (P < 0.001) and different from one (P < 0.001).
2
MBW = mid-test metabolic live-weight; FB = feeding behaviour traits of feeding time per day, number of feed events per day, total meal time per day, and number of meals
per day.
3
Significance of the regression coefficient difference from one: * P < 0.05; ** P < 0.01; *** P < 0.001.
1

6.6 Discussion
The phenotypic investigation of feeding behaviour in farm animal species has
been a topic of considerable scientific activity (Forbes, 2007); however, the specific
study of the genetics of feeding behaviour is less common in the literature, most likely
due to the necessity to collect a relatively large number of animal records to generate
reliable and precise parameter estimates. Genetic variability in feeding behaviour has
been demonstrated to exist in farm animal species such as swine (Labroue et al., 1997;
Shirali et al., 2017) and, as also demonstrated in the current study, cattle (Olson et al.,
2020b; Robinson and Oddy, 2004). Additionally, similar to the present study, several
feeding behaviour traits have been reported to be correlated with both animal
performance and efficiency (Labroue et al., 1997; Robinson and Oddy, 2004). While
investigations into the dynamics of feeding behaviour of cattle has improved our
understanding of the impact of selection for performance on animal feed intake
patterns (Chen et al., 2014), such feeding behaviour traits may also have an application
in genetic evaluations to improve the accuracy of selection for improved animal
performance and efficiency (Labroue et al., 1997); to the best of our knowledge, the
latter argument has not been previously verified. In comparison to studies in swine, a
paucity of cattle-based studies has documented genetic parameters for feeding
behaviour and their genetic correlations with performance and efficiency. Therefore,
the objective of the present study was to investigate the genetic variability in several
feeding behaviour traits and to explore the genetic relationships among and between
feeding behaviour, and both performance and efficiency in young crossbred growing
cattle. Furthermore, as feed intake data are expensive to collect in cattle, also of interest
was the use of easier-to-measure time-related feeding behaviour traits in genetic
evaluations in order to improve the precision of genetic merit for feed intake. The
respective phenotypic correlations among and between feeding behaviour and both
performance and feed efficiency have been reported previously by Kelly et al. (2020b)
for a subset of the cattle included in the current study and are therefore not discussed
further.
The present study is the first to explicitly document the genetic parameters for
feeding behaviour at the different levels of time (i.e., feed event, meal, and day level),
as well as their genetic interrelationships, in the same cohort of cattle. Additionally,
this is also the first study to demonstrate how feeding behaviour phenotypes from
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relatives, or from the animal itself, can be used to predict phenotypic feed intake (i.e.,
MEI here) through a genetic evaluation. The majority of previous related studies in
beef cattle have been limited in size (Benfica et al., 2020; Durunna et al., 2013; Lin et
al., 2013; Nkrumah et al., 2007b; Olson et al., 2020b; Robinson and Oddy, 2004); a
factor which contributes to large associated SE of the estimated parameters. The
present study represents the largest study to date, thus contributing to the precision of
genetic parameters and genetic correlation estimates associated with cattle feeding
behaviour in the cattle literature.
6.6.1 Genetic parameters
In support of the present study, moderate heritability estimates for different
feeding behaviour traits in cattle have been reported elsewhere (Robinson and Oddy,
2004; Chen et al., 2014). Robinson and Oddy (2004), for example, reported heritability
estimates ranging from 0.36 (feeding time per day) to 0.51 (feeding rate) in steers and
heifers of temperate and tropical breeds fed a high concentrate diet. Similar heritability
estimates of 0.49 for feeding time per day and 0.56 for feeding rate, have been
documented in Charolais steers (Chen et al., 2014). Interestingly, lower estimates of
heritability have been reported in crossbred beef heifers fed a diet greater in forage
proportion (Olson et al., 2020b); heritability estimates of 0.25 and 0.27 have been
reported for feeding time per day and feed events per day, respectively (Olson et al.,
2020b). Nonetheless, the heritability estimates of different feeding behaviour traits
reported in the present study are largely in agreement with the cattle literature. The
moderate heritability estimates for feeding behaviour suggest few records are required
for the generation of relatively accurate EBVs for feeding behaviour; the accuracy of
EBVs from an animal’s own information alone is simply the square root of the trait
heritability estimate. Genetic parameters for feeding behaviour defined at the meal
level are generally lacking in the scientific literature of cattle, but are nonetheless
similar to genetic parameters for meal feeding behaviour traits estimated in Romane
lambs (Marie-Etancelin et al., 2019).
The greater CVg for the traditional feeding behaviour traits compared to the
meal feeding behaviour traits is not surprising given that some genetic variation is
expected to be absorbed when feed events are collapsed into meals. In the current
study, the feeding behaviour traits had greater genetic variation (i.e., greater CVg) than
the performance and efficiency traits, which is in agreement with the trend observed
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across estimates of CVg calculated from the mean and genetic standard deviations
presented in previous studies (Durunna et al., 2013; Robinson and Oddy, 2004).
6.6.2 Genetic correlations
Genetic correlations between the same feeding behaviour traits at the different
levels of time (e.g. energy intake per feed event, per meal, and per day) are lacking
from studies on cattle, although estimates have been reported in both sheep (MarieEtancelin et al., 2019) and swine (Hall et al., 1999). Marie-Etancelin et al. (2019)
reported a genetic correlation of 0.95 between feed intake per feed event and per meal,
and a genetic correlation of 0.91 between feeding time per feed event and per meal in
Romane lambs. Such genetic relationships suggest that these traits are under similar
genetic control in sheep; however, in the present study, feeding duration at the feed
event and meal level were genetically independent of each other, although there was a
moderate genetic correlation of 0.55 between energy intake per feed event and per
meal. Similar to the present study, Marie-Etancelin et al. (2019) in sheep, and Hall et
al. (1999) in pigs, also reported weak to moderate genetic correlations between feed
intake per feed event and feed intake per day. Such weak to moderate genetic links
between feed intake at the different levels of time corroborate suggestions that feed
intake is regulated by homeostatic mechanisms in the short term and is influenced
more by bodily reserves and nutritional requirements in the longer term (Forbes, 2007).
Levels of circulating glucagon and insulin are thought to be involved in short-term
feed intake regulation, while leptin is the likely candidate metabolite in longer-term
regulation of feed intake (Forbes, 2007). Furthermore, the weak to moderate genetic
correlations between short-term feeding behaviours and MEI herein supports the
theory that cattle seek a certain level of feed intake and may use a plastic feed intake
pattern, which also varies considerably between individuals, to obtain that feed intake
level (Emmans and Kyriazakis, 2001)
The genetic correlations between the traditional feeding behaviour traits and
performance traits estimated in the present study are within the range of those reported
previously in cattle (Benfica et al., 2020; Durunna et al., 2013; Lin et al., 2013;
Nkrumah et al., 2007b; Olson et al., 2020b; Robinson and Oddy, 2004), although
considerable variation does exist in the magnitude of the same pairwise correlations
across studies. For example, documented genetic correlations between feeding time
per day and feed intake per day have ranged from 0.03 (Robinson and Oddy, 2004) to
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0.56 (Nkrumah et al., 2007b) (genetic correlation of 0.26 in the current study);
similarly, genetic correlations ranging from 0.14 (Benfica et al., 2020) to 0.81 (Chen
et al., 2014) have been reported between ADG and feeding rate (genetic correlation of
0.29 in the present study). Such large variability in genetic correlation estimates could
be due to differences in the represented cattle breeds and diets across studies, as well
as possibly due to genotype-by-environment interactions. For example, genetic
parameters and correlations were estimated in both temperate and tropical breed steers
and heifers fed a barley grain based diet by Robinson and Oddy (2004), whereas Olson
et al. (2020b) estimated genetic parameters and correlations in crossbred beef heifers
fed a barley silage based diet. Nonetheless, the SE of the genetic correlations reported
by Olson et al. (2020b) and Robinson and Oddy (2004) were quite similar to those
reported in the present study; the mean SE of the same pairwise genetic correlations
was 0.11 in Olson et al. (2020b), 0.13 in Robinson and Oddy (2004), and 0.12 in the
present study.
Exploration of the genetic relationships between feeding behaviour and feed
efficiency has been the focus of several studies in cattle (Durunna et al., 2011b; Lin et
al., 2013; Nkrumah et al., 2007b). Genetically more efficient cattle, in terms of RFI,
eat for a shorter time per day (Benfica et al., 2020; Chen et al., 2014; Nkrumah et al.,
2007b; Robinson and Oddy, 2004), a phenomenon also detected in the present study.
It has, however, been suggested that the relationship between feeding behaviour and
feed efficiency is simply an artefact of the covariance between feeding behaviour and
feed intake (Cantalapiedra-Hijar et al., 2018; Kenny et al., 2018). Consequently,
genetic and residual covariances between feeding behaviour and feed efficiency were
re-estimated in the present study, but with MEI included as a covariate in the statistical
model for all feeding behaviour traits. A genetic correlation of 0.28 (0.11) was still
evident between feeding time per day (independent of MEI) and REI. In fact, the
correlations between feed efficiency and feeding behaviour before and after
adjustment for MEI did not differ in the present study. Nonetheless, the genetic
correlation between energy intake per meal and REI changed from 0.37 (0.12) to -0.13
(0.18) after inclusion of MEI in the bivariate model for energy intake per meal, but
this is expected as MEI and energy intake per meal are strongly genetically correlated
(genetic correlation of 0.78). Therefore, results from the present study suggest that
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some feeding behaviour traits do contribute to some of the genetic variability that
exists in several feed efficiency traits.
6.6.3 Usefulness of feeding behaviour phenotypes in genetic evaluations for daily
energy intake
Similar to the present study, several studies have reported significant genetic
correlations between time-related feeding behaviour traits and both feed intake and
efficiency (Benfica et al., 2020; Chen et al., 2014; Nkrumah et al., 2007b; Robinson
and Oddy, 2004); this has led to feeding behaviour traits being suggested as predictors
of genetic merit for feed intake and efficiency (Lin et al., 2013; Nkrumah et al., 2007b)
but this suggestion has not been verified in cattle prior to the current study. Such an
approach sounds promising as the heritability estimates of time-related feeding
behaviour traits were found to be generally moderate in magnitude herein and in the
cattle literature (Chen et al., 2014; Durunna et al., 2013; Nkrumah et al., 2007b;
Robinson and Oddy, 2004); thus reasonably accurate estimates of genetic merit feed
intake may be obtained if the genetic correlations between feeding behaviour and feed
intake are sufficiently strong. Nevertheless, in the present study, the benefit in
predictive ability associated with the addition of feeding behaviour phenotypes to a
genetic evaluation for MEI was relatively small, compared to when just the animal’s
own liveweight phenotypes were in the genetic evaluation. Moreover, the relatively
small improvement in predictive ability from the inclusion of feeding behaviour
phenotypes in the evaluation may not compensate for the additional capital and
running costs of investing in feed bunk sensor technologies required to measure cattle
feeding behaviour solely for the purposes of feed intake genetic evaluations.
Nonetheless, the integration of sensor technology in livestock farming is expected to
grow as the cost of sensors reduce and their durability improves (Halachmi et al.,
2019). It should be also noted that the collection of feeding behaviour data has other
potential uses, beyond feed intake prediction, which include the monitoring of cattle
health and welfare (Kayser et al., 2019; Quimby et al., 2001), as well as in the
optimization of animal management (Llonch et al., 2018a). Therefore, where feeding
behaviour data are being collected anyway on cattle for such purposes, their use in
genetic evaluations for feed intake may be beneficial. The addition of genomic
information to genetic evaluations is also expected to further increase the reliability of
genetic evaluations for MEI (Bolormaa et al., 2013; Pryce et al., 2014), although, a
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reference population with estimates of genetic merit for feed intake would still be
required.
6.7 Conclusions
Significant exploitable genetic variation exists in the feeding behaviour of
young crossbred growing cattle, and some of these behavioural traits are genetically
correlated with several performance and feed efficiency measures. Nonetheless,
including feeding behaviour phenotypes in a genetic evaluation for MEI only
marginally improved the predictive ability of EBVMEI over and above the predictive
ability achieved from the inclusion of live-weight phenotypes in a genetic evaluation.
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7.2 Abstract
In growing cattle, the phenotypic and genetic relationships between feeding
behaviour and both live animal ultrasound measures and subsequent carcass merit are
generally poorly characterized. The objective of the current study was to quantify the
phenotypic and genetic associations between a plethora of feeding behaviour traits
with both pre-slaughter ultrasound traits and post-slaughter carcass credentials in
crossbred Bos Taurus cattle. Carcass data were available on 3,146 young bulls, steers
and heifers, of which 2,795 and 2,445 also had records for pre-slaughter ultrasound
muscle depth and intramuscular fat percentage, respectively; a total of 1,548 steers and
heifers had information on all of the feeding behaviour, ultrasound and carcass traits.
Young bulls were fed concentrates while steers and heifers were fed a total mixed
ration. Feeding behaviour traits were defined based on individual feed events or meal
events (i.e., individual feed events grouped into meals). Animal linear mixed models
were used to estimate (co)variance components. Phenotypic correlations between
feeding behaviour and both ultrasound and carcass traits were generally weak and not
different from zero, although, there were phenotypic correlations of 0.40, 0.26, and
0.37 between carcass weight and feeding rate, energy intake per feed event, and energy
intake per meal, respectively. Genetically, cattle that had heavier carcass weights,
better carcass conformation, or a higher dressing percentage fed for a shorter time per
day [genetic correlations (± SE) of -0.46 ± 0.12, -0.39 ± 0.11, and -0.50 ± 0.10,
respectively]. Genetic correlations of 0.43 ± 0.12 and 0.68 ± 0.13 were estimated
between dressing difference (i.e., differential between live-weight pre-slaughter and
carcass weight) and energy intake per feed event and energy intake per meal,
respectively. Neither intramuscular fat percentage measured on live animals nor
carcass fat score (i.e., a measure of subcutaneous fat cover of the carcass) were
genetically associated with any of the feeding behaviour traits. The genetic
associations between some feeding behaviour traits and both ultrasound and carcass
traits herein suggested that indirect responses in the feeding behaviour of growing
cattle from selection for improved carcass merit would be expected. Such changes in
feeding behaviour patterns in cattle may be reduced by measuring and including
feeding behaviour in a multiple-trait selection index alongside carcass traits.
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7.3 Introduction
Correlated responses to selection are expected where a trait is genetically
correlated with traits under selection (Falconer and Mackay, 1996). For example, the
unintended increase in the incidence of dystocia from selection for faster calf growth
rate in several beef cattle populations is well documented (Eriksson et al., 2004; Koots
et al., 1994b). Globally, many beef breeding goals that attempt to improve animal
performance include several carcass traits or ultrasound predictors of carcass merit
from live animals (Amer et al., 1998; Connolly et al., 2016; Ochsner et al., 2017;
Roughsedge et al., 2005). Despite the growing interest in the potential applications of
feeding behaviour in animal breeding and husbandry (Forbes, 2007; Olson et al.,
2020b), the impact of selection for improved carcass credentials on the feeding
behaviour of growing cattle, or vice versa, is generally poorly understood (Chen et al.,
2014; Nkrumah et al., 2007b). Changes in the feeding behaviour of cattle may
influence animal temperament and thus competitiveness between cattle at the feed
bunk or in the pen (Nkrumah et al., 2007b); this may impact how producers manage
the feeding of cattle of contrasting genetic merit.
Several studies have reported weak to moderate phenotypic and genetic
relationships between feeding behaviour and both ultrasound measures and carcass
merit in growing cattle (Chen et al., 2014; Nkrumah et al., 2007b; Robinson and Oddy,
2004). Nkrumah et al. (2007b) reported phenotypic and genetic correlations (± SE) of
-0.06 and -0.30 ± 0.24, respectively, between feeding time per day and carcass lean
meat yield in 464 crossbred beef cattle. Genetic correlations of -0.14 ± 0.32 and -0.39
± 0.21 were reported by Chen et al. (2014) and Robinson and Oddy (2004),
respectively, between feeding rate and ultrasound muscle area measured on live cattle.
Nonetheless, studies reporting genetic correlations between feeding behaviour and
carcass traits have been conducted in relatively small populations of growing cattle.
All such studies, to date, included less than 560 animals and so the parameter estimates
are associated with considerable sampling variation. For example, the mean standard
error of the genetic correlations between feeding behaviour and carcass traits reported
by both Chen et al. (2014; n = 417 Charolais and 551 Angus cattle) and Nkrumah et
al. (2007b; n = 464 crossbred Bos Taurus cattle) was 0.25.
The objective of the present study was to quantify the phenotypic and genetic
associations between a plethora of feeding behaviour traits with both ultrasound and
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carcass traits in a relatively large population of crossbred Bos Taurus growing cattle;
1,548 cattle in the present study had information on feeding behaviour, ultrasound and
carcass traits.
7.4 Materials and Methods
Animal care and use committee approval was not required in advance of
conducting this study as all data were obtained from a pre-existing database managed
by the Irish Cattle Breeding Federation (ICBF; www.icbf.com).
7.4.1 Data
Feed intake, live-weight, and ultrasound data were available on growing cattle
that were on test for feed intake since 2012 at the ICBF Gene Ireland Progeny Test
Centre, Tully, Co. Kildare, Ireland. Young bulls, steers, and heifers entered the test
centre in batches to be tested for feed intake and efficiency and were subsequently
slaughtered at the end of the test period. Details of animal recruitment and centre
management were previously described in detail by Kelly et al. (2019). From 2015
onwards, feeding behaviour data were also available for some batches of steers and
heifers that entered the test station.
Young bulls, steers, and heifers entered the test centre in batches where each
batch was composed of one sex and four months was the maximum age range of cattle
within a batch. Cattle within a batch were allotted to pens, based upon breed and liveweight, and subsequently underwent an acclimatization period of 21 to 30 days,
followed by a test period approximately 77 to 98 days. At the end of their test period,
all animals within a batch were slaughtered within a week of each other. Cattle were
weighed, on average, weekly between August 2012 and August 2013, every 21 days
between September 2013 and December 2017, weekly in 2018 and 2019, and every 21
days in 2020 and 2021. Feeding behaviour data were available on steers and heifers
that were tested from 2015 onwards and fed through automated feed stations (RIC
Feed-Weigh Trough, Hokofarm Group BV, Marknesse, The Netherlands); the
operation of which has been described previously by Kelly et al. (2019). On average,
there were two to three animals per automatic feed station, which provided ad libitum
access to feed. Access to fresh water was also provided ad libitum. A total mixed ration
(TMR) of approximately 45.5% concentrates, 13.6% hay, and 40.9% water on a fresh
weight basis was fed to all steers and heifers. Daily feed intake from cattle fed through
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the automatic feed stations was calculated by summing, per day, the feed consumed in
each feed event, which was then averaged across all valid test days. Throughout the
test period, young bulls were given ad libitum access to concentrates alongside a daily
allocation of 2 kg fresh weight of grass hay. The concentrates offered to young bulls
was assumed to have a dry matter (DM) of 86% and a metabolizable energy
concentration of 14.1 MJ/kg DM and the TMR fed to steers and heifers was assumed
to have a DM of 51% and a metabolizable energy concentration of 12.1 MJ/kg DM;
both the TMR and concentrates had a crude protein content of 13%. All cattle were
crossbred Bos Taurus and the main breeds represented included combinations of
Limousin, Charolais, Aberdeen Angus, Simmental, Belgian-Blue, Hereford, Friesian,
Holstein, Saler, Shorthorn, Aubrac, Parthenaise, and Blonde d’Aquitaine; large genetic
diversity is sought when selecting animals to enter the progeny test centre and the
germplasm chosen is representative of that used nationally with cross-reference proven
sires represented across time.
A general heterosis coefficient and recombination loss coefficient for each
animal was calculated as
1 − ∑𝑛𝑖=1 𝑠𝑖𝑟𝑒𝑖 × 𝑑𝑎𝑚𝑖

and

1 − ∑𝑛𝑖=1

(𝑠𝑖𝑟𝑒𝑖2 ×𝑑𝑎𝑚𝑖2 )
2

respectively, where sirei and dami are the proportion of breed i in the sire and dam,
respectively (VanRaden and Sanders, 2003). As per Twomey et al. (2016), the
heterosis coefficient for each animal was divided into 12 classes (0%, 10 classes of
10% from 0% to 100%, exclusive, and 100%), and the recombination loss coefficient
for each animal was divided into seven classes (0%, five classes of 10% from 0% to
50%, exclusive, and ≥ 50%).
7.4.2 Data edits
All cattle had to be between 10 and 24 months of age when they started their
test. Only animals with at least three live-weight records recorded after the
acclimatization period were retained in the present study; an animal’s final live-weight
pre-slaughter was also retained. Data from a further 32 animals were removed due to
abnormal growth rates, where the r-squared of a linear regression through their liveweight records was < 0.90 (Kelly et al., 2019). Twelve animals were identified as
unwell from a combination of their growth and feed intake patterns, and as such, data
from these animals were removed from all further analyses. For cattle fed through the
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automatic feed stations, five days of feed intake and behaviour records were removed
due to a weight malfunction on those days, and data from the last day of test were
removed where there was an incomplete feed intake record on that day. As per Kelly
et al. (2020b), feed events greater than 60 minutes in duration and/or feed events with
a dry matter intake per minute >5 kg/min were considered errors for steers and heifers;
all feed intake and feeding behaviour data from an animal in the test-day that these
erroneous feed events occurred were removed. Subsequently, animals with fewer than
45 test-day records within the test period were removed. Carcass data were discarded
from 38 cattle that did not have a live-weight record within seven days pre-slaughter.
Finally, all data from 77 animals without a known sire were removed. After all edits,
3,146 cattle had carcass information, of which 2,795 also had records for ultrasound
muscle depth and 2,445 cattle had records for ultrasound intramuscular fat percentage;
1,548 (only steers and heifers) had information on all of ultrasound, carcass and
feeding behaviour traits.
7.4.3 Trait definitions
Carcass and ultrasound traits. Carcass weight (kg) was measured, on average,
one hour post-slaughter. Video image analysis in a mechanical grading system was
used to score the carcass conformation and carcass fat class of each animal which were
both defined using the EUROP carcass classification system (Pabiou et al., 2011).
Carcass conformation and carcass fat were both represented on a scale from 1 to 15
(Englishby et al., 2016). For both scales, a score of 1 denotes poor conformation or a
low level of fat cover, while a score of 15 denotes excellent conformation or a high
level of fat cover. Ultrasound measurements of eye muscle depth and intramuscular
fat percentage were recorded on live animals as described by Kelly et al. (2019); just
the last record of each ultrasound measurement pre-slaughter was retained. As defined
by Coyne et al. (2019), dressing difference (kg) was calculated as the animal’s final
live-weight pre-slaughter, minus their carcass weight; the final live-weight preslaughter had to be recorded within seven days of slaughter. Dressing percentage (%)
was defined as carcass weight divided by the animal’s final live-weight pre-slaughter.
Feeding behaviour traits. The derivation and definitions of all feeding
behaviour traits used in the present study were previously described in detail by Kelly
et al. (2020). Each feeding behaviour trait described herein was averaged across valid
test days such that a single average value per animal was generated. The traditional
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feeding behaviour traits that were calculated from individual feed events were 1)
energy intake per feed event (MJ/feed event), 2) feed event duration (min/feed event),
3) the time between feed events (min), 4) feed events per day (n/day), 5) feeding time
per day (min/day), and 6) feeding rate (MJ/min).
Individual feed events were clustered into meals for each animal as described
by Kelly et al. (2020b); meals were assumed to be composed of short time intervals
between individual feed events within a meal, short time intervals within a meal where
cattle left the feed bunk temporarily to go to the water trough, while longer time
intervals separated consecutive meals. Following the methods proposed by Tolkamp
and Kyriazakis (1999) and Yeates et al. (2001), the time intervals, in seconds, between
feed events for all steers and heifers were log-transformed, pooled, and a mixture of a
Gaussian distribution and two Weibull distributions were fitted to the frequency
distribution of the pooled log-transformed time intervals using PROC FMM (SAS
v9.4, SAS Institute Inc., Cary, NC, USA). The intersection of the two Weibull
distributions was estimated to be 21.70 minutes, and thus a new meal started for an
animal if the time interval between two consecutive feed events exceeded 21.70
minutes. The meal feeding behaviour traits of interest were 1) energy intake per meal
(MJ/meal), 2) meal duration (min/meal), 3) feed events per meal (n/meal), 4) time
between feed events within a meal (min), 5) time between meals (min), 6) meals per
day (n/day), and 7) total meal time per day (min/day).
7.4.4 Statistical analyses
Phenotypic and genetic variance components were estimated using a series of
univariate animal linear mixed models in ASReml (Gilmour et al., 2009). Fixed effects
considered, as per Kelly et al. (2019) from a subset of the data in the present study,
were batch (i.e., contemporary group effect), heterosis class, recombination loss class,
age in months at the end of test, the 2-way interaction between age in months at the
end of test and animal sex, and dam parity (1, 2, 3, 4, ≥5, and missing). Animal was
included as the random additive genetic effect, N (Qg, Aσ2a ),), alongside a random
residual effect, N (0, Iσ2e ), where σ2a is the additive genetic variance, σ2e is residual
variance, Q is a matrix relating to genetic groups, g is a vector relating to genetic group
means, A is the numerator relationship matrix, and I is an identity matrix. The average
genetic relationships among animals were considered by tracing the pedigree of each
animal back to founder animals, which were allocated to genetic groups based on
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breed; there were 63,256 animals in the pedigree file. Phenotypic and genetic
covariances between the feeding behaviour traits and both the ultrasound and carcass
traits were estimated using a series of bivariate animal linear mixed models; fixed and
random effects in the models were those described for the univariate analyses.
7.5 Results and Discussion
Beef cattle breeding goals generally include carcass-related traits explicitly, or
implicitly consider these via ultrasound measures on live animals (Amer et al., 1998;
Berry et al., 2019; Connolly et al., 2016; Ochsner et al., 2017; Roughsedge et al., 2005;
Twomey et al., 2020). Genetic correlations between traits under selection and those
not directly included in the breeding goal should be quantified to ensure there are no
adverse consequences via indirect correlated responses of selection. With that, the
influence of economically relevant beef cattle traits (e.g., carcass traits) on expected
genetic change in feeding behaviour has not been extensively studied to date, and
where such studies have been conducted, they have been relatively limited in size. In
fact, the largest genetics study in cattle relating feeding behaviour traits to carcass traits
(Chen et al., 2014) was just one-third the size of the present study. Understanding the
potential downstream impact of selection for carcass traits on feeding behaviour is
particularly important as changes in the feeding behaviour patterns of cattle may
influence how future generations of cattle are fed and managed (Forbes, 2007).
Feeding behaviour is considered the means by which cattle achieve their desired level
of feed intake (Emmans and Kyriazakis, 2001). Additionally, some feeding behaviour
traits have also been found to be genetically correlated with quantitative measures of
temperament, such as flight speed (Nkrumah et al., 2007b). Therefore, genetic changes
in the feeding behaviour of future generations of cattle may influence how cattle are
managed in terms of bunk space, stocking density, and frequency of feed delivery, as
well as competitiveness between individuals at the feed bunk in social situations.
Hence, the objective of the present study was to quantify the phenotypic and genetic
relationships, if any, between several feeding behaviour traits and both ultrasound and
carcass traits in a relatively large population of crossbred cattle. As well as being the
one of the largest study to-date to explore such relationships in growing cattle, the
current study is the first to report phenotypic and genetic correlations between feeding
behaviour, defined using meal events, and both ultrasound and carcass traits.
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Heritability estimates (± SE) for the feeding behaviour traits are in Table 7.1.
Heritability estimates ranged from 0.19 ± 0.08 for meals per day to 0.61 ± 0.10 for
feeding time per day; these were generally of similar magnitude to heritability
estimates for feeding behaviour traits previously reported in similar cattle populations
to the cattle represented herein (Robinson and Oddy, 2004; Chen et al., 2014; Nkrumah
et al., 2007b). Genetic parameters for the ultrasound and carcass traits are in Appendix
O but were previously reported by Kelly et al. (2019) for a subset of cattle in the current
study and are therefore not discussed further.
Table 7.1. Raw means (µ), phenotypic standard deviation (σp), genetic standard
deviation (σg), and heritability (h2; SE in parentheses) for the feeding behaviour traits
of 1,548 steers and heifers.
Trait
Feed events per day, n
Feeding time per day, min
Feeding rate, MJ/min
Feed event duration, min
Energy intake per feed event, MJ
Time between feed events, min
Meals per day, n
Total meal time per day, min
Feed events per meal, n
Energy intake per meal, MJ
Meal duration, min
Time between meals, min
Time between feed events within
a meal, min

µ
32.98
133.80
1.12
4.50
4.81
43.98
8.14
213.40
4.08
17.91
26.69
153.70

σp
9.65
19.45
0.19
1.43
1.45
12.81
0.99
29.01
1.22
3.08
4.37
21.31

σg
6.88
15.21
0.12
0.97
1.00
8.43
0.44
20.28
0.78
1.59
2.60
10.06

h2 (SE)
0.51 (0.097)
0.61 (0.100)
0.44 (0.093)
0.48 (0.094)
0.47 (0.095)
0.43 (0.095)
0.19 (0.080)
0.49 (0.097)
0.41 (0.093)
0.26 (0.083)
0.35 (0.089)
0.22 (0.083)

3.47

0.83

0.53

0.40 (0.094)

The majority of phenotypic correlations between the feeding behaviour and
both ultrasound and carcass traits estimated in the present study were either not
different from zero (P > 0.05) or weak in magnitude (Table 7.2). Consistent with this,
weak phenotypic relationships between feeding behaviour and both ultrasound and
carcass traits have also been reported in Angus (Chen et al., 2014), Charolais (Chen et
al., 2014), and crossbred growing cattle (Nkrumah et al., 2007b; Robinson and Oddy,
2004) fed high-energy concentrate based diets. Nevertheless, in the current study,
heavier carcass weights or heavier dressing differences were both moderately
phenotypically correlated with a faster feeding rate (phenotypic correlations of 0.40
and 0.33, respectively), and a greater energy intake per feed event (phenotypic
correlations of 0.26 and 0.25, respectively) and per meal (phenotypic correlations of
0.37 and 0.44, respectively). On average, every 10 kg increase in carcass weight was
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phenotypically associated with a 0.017 MJ/min increase in feeding rate, a 0.085 MJ
greater energy intake per feed event, and a 0.28 MJ greater energy intake per meal.
These relationships are consistent with correlations between animal live-weight and
both feeding rate and energy intake per feed event that were previously reported in a
subset of the data used in the present study (Kelly et al., 2020); the phenotypic
correlations between live-weight and both carcass weight (0.92) and dressing
difference (0.83) were strong in a subset of cattle that were also in the current study
(Kelly et al., 2019). Cattle that had a higher dressing percentage fed for a shorter time
per day and had a shorter meal time per day. Cattle that were more conformed or had
a greater ultrasound muscle depth had a faster feeding rate, a higher energy intake per
feed event, a shorter meal time per day, and a shorter meal duration, although, these
phenotypic correlations were all < |0.15|.
Table 7.2. Phenotypic correlations1 between the feeding behaviour traits with both
ultrasound and carcass traits.
Trait2

UMD

IMF

CW

CC

CF

DD

DP

Traditional Feeding Behaviour
Feed events per day
Feeding time per day
Feeding rate
Energy intake per feed event
Feed event duration
Time between feed events

-0.03
-0.06
0.15
0.11
0.01
0.05

0.01
0.06
0.09
0.10
0.04
0.01

-0.03
-0.02
0.40
0.26
0.02
0.04

-0.06
-0.07
0.08
0.09
0.05
0.09

0.04
0.18
0.01
0.07
0.05
-0.05

0.01
0.15
0.33
0.25
0.05
-0.03

-0.05
-0.21
0.03
-0.03
-0.04
0.08

0.01
-0.12
0.10
-0.03
-0.11
0.02

-0.02
0.02
0.15
0.02
0.04
0.02

0.00
-0.12
0.37
-0.03
-0.10
0.02

0.01
-0.13
0.00
-0.05
-0.11
0.02

0.02
0.13
0.16
0.03
0.11
-0.04

0.02
0.03
0.44
0.00
0.01
-0.03

-0.04
-0.18
-0.13
-0.02
-0.14
0.07

-0.02

0.00

-0.06

0.02

-0.05

-0.10

0.04

Meal Feeding Behaviour
Meals per day
Total meal time per day
Energy intake per meal
Feed events per meal
Meal duration
Time between meals
Time between feed events
within a meal

Phenotypic correlations ≤ |0.05| were not different from zero (P > 0.05).
UMD = ultrasound muscle depth; IMF = intramuscular fat percentage; CW = carcass weight; CC =
carcass conformation; CF = carcass fat; DD = dressing difference; DP = dressing percentage.

1
2

The genetic correlations between the feeding behaviour traits and both
ultrasound and carcass traits are in Table 7.3. The genetic correlations were generally
larger in magnitude, but similar in sign, to the respective phenotypic correlations
(Table 7.2). Genetic correlations (± SE) of -0.42 ± 0.13 and -0.40 ± 0.14 existed
between ultrasound muscle depth with both feeding time per day and total meal time
per day, respectively. Similarly, better carcass conformation was genetically
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associated with both a shorter feeding time per day and a shorter meal time per day
(genetic correlations of -0.39 ± 0.11 and -0.32 ± 0.12, respectively). The genetic
relationship between muscularity and feeding behaviour differed in the present study
compared to literature in cattle species. Measures of muscularity herein included
ultrasound muscle depth and carcass conformation score while associations in the
literature generally involved ultrasound muscle area; genetic correlations of 0.64 ±
0.26 (Chen et al., 2014) and -0.32 ± 0.15 (Robinson and Oddy, 2004) between scanned
ultrasound muscle area and feeding time per day and feed events per day, respectively,
have been previously reported.
In Angus and Charolais sired steers, Nkrumah et al. (2007b) reported a genetic
correlation of -0.47 ± 0.23 between the number of feed events per day and carcass
grade fat. Similarly, Chen et al. (2014) reported a genetic correlation of -0.38 ± 0.18
between feed event duration and carcass marbling score in purebred Charolais steers.
Robinson and Oddy (2004) also documented genetic correlations of -0.25 ± 0.12 and
0.32 ± 0.14 between pre-slaughter intramuscular fat percentage and both feeding time
per day and feeding rate, respectively. In contrast, neither pre-slaughter intramuscular
fat percentage nor carcass fat score were genetically associated with any of the feeding
behaviour traits in the present study; however, this could be due to the differences in
genotype or environment in the cattle populations studied. Sampling variation
associated with the estimates may also contribute to apparent discrepancies between
studies; the mean standard error of the genetic correlations between carcass weight
with both feeding time per day and the number of feed events per day in the present
study (mean SE = 0.13) was significantly less than the mean standard errors of the
same pairwise genetic correlations reported by Chen et al. (2014; mean SE = 0.27) and
Nkrumah et al. (2007b; mean SE = 0.28).
Both a heavier carcass weight and a greater dressing percentage were
genetically associated with all of a shorter feeding time per day, a shorter meal time
per day, and a shorter meal duration. Every 10 kg increase in carcass weight was
genetically associated with a 0.026 MJ/min increase in feeding rate, and a 0.12 MJ
greater energy intake per feed event. The moderate positive genetic association
between carcass weight and feeding rate is in agreement with the findings of Chen et
al. (2014) in growing cattle, as well as consistent with the moderate genetic correlation
of 0.40 ± 0.11 between live-weight and feeding rate in a subset of the cattle in the
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present study. Coyne et al. (2019) reported genetic correlations of 0.93 ± 0.01 and 0.85
± 0.02 between live-weight and both carcass weight and dressing difference,
respectively, in growing cattle from multiple breeds, and Kelly et al. (2019) reported
similar respective genetic correlations of 0.91 ± 0.02 and 0.82 ± 0.03 in subset of cattle
that were also in the present study. There were no phenotypic or genetic correlations
between feeding behaviour traits and dressing difference or dressing percentage found
in the cattle literature.
The indirect response in feeding behaviour from single-trait selection on
carcass weight (𝐶𝑅𝑓𝑏 ) was calculated from the following equation:
𝐶𝑅𝑓𝑏 = 𝑖𝑟𝑔 ℎ𝑐𝑤 ℎ𝑓𝑏 𝜎𝑃𝑓𝑏
where 𝑖 was the average selection intensity, 𝑟𝑔 was the genetic correlation between
carcass weight and the relevant feeding behaviour trait, ℎ𝑐𝑤 was the square root of the
direct heritability of carcass weight, ℎ𝑓𝑏 was the square root of the direct heritability
of the feeding behaviour trait, and 𝜎𝑃𝑓𝑏 was the phenotypic standard deviation of the
feeding behaviour trait. The average selection intensity was assumed to be 1.2765,
assuming 50% of females and 10% of males were selected (Falconer and Mackay,
1996). Consequently, based on various components calculated in the present study,
single trait phenotypic selection for carcass weight is predicted to increase feeding rate
by 0.056 MJ/min per generation, reduce the time spent feeding per day by 6.3 min per
generation, increase the energy intake per feed event by 0.26 MJ per generation, and
reduce the meal time per day by 10 min per generation. Just 27%, 21%, 9%, and 30%
of the genetic variation in feeding rate, feeding time per day, energy intake per feed
event, and meal time per day, respectively, was explained by differences in carcass
weight; thus, there is still additional variability in feeding behaviour independent of
carcass weight (and vice versa). Hence, at least based on the cattle represented in the
sample population used in the current study, feeding behaviour could be measured and
held constant within a selection index, alongside carcass traits, to lessen any changes
in feeding behaviour patterns in future generations of cattle from selection on carcass
weight. Nonetheless, the reduction in the rate of genetic gain for all other traits in the
breeding goal from the inclusion of feeding behaviour, at best due a reduction in the
intensity of selection for each of the other goal traits individually, should be
considered.
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Table 7.3. Genetic correlations (SE in parentheses) between the feeding behaviour traits with both ultrasound and carcass traits.
Trait1
Traditional Feeding Behaviour
Feed events per day
Feeding time per day
Feeding rate
Energy intake per feed event
Feed event duration
Time between feed events
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Meal Feeding Behaviour
Meals per day
Total meal time per day
Energy intake per meal
Feed events per meal
Meal duration
Time between meals
Time between feed events
within a meal
1

UMD

IMF

CW

CC

CF

DD

DP

-0.08 (0.15)
-0.42 (0.13)
0.30 (0.15)
0.02 (0.15)
-0.09 (0.15)
0.15 (0.16)

-0.11 (0.17)
0.19 (0.16)
-0.05 (0.18)
0.31 (0.18)
0.29 (0.17)
0.18 (0.18)

-0.16 (0.14)
-0.46 (0.12)
0.51 (0.11)
0.30 (0.13)
-0.07 (0.14)
0.25 (0.15)

0.07 (0.12)
-0.39 (0.11)
0.12 (0.12)
-0.11 (0.12)
-0.16 (0.12)
0.04 (0.12)

-0.08 (0.12)
0.09 (0.11)
-0.10 (0.13)
0.13 (0.12)
0.16 (0.12)
0.09 (0.13)

-0.13 (0.13)
0.13 (0.12)
0.24 (0.12)
0.43 (0.12)
0.20 (0.13)
0.18 (0.14)

0.05 (0.12)
-0.50 (0.10)
0.18 (0.12)
-0.19 (0.12)
-0.27 (0.12)
-0.01 (0.12)

-0.17 (0.22)
-0.40 (0.14)
-0.01 (0.19)
0.00 (0.16)
-0.31 (0.16)
0.34 (0.20)

0.15 (0.25)
0.09 (0.17)
0.16 (0.22)
-0.22 (0.18)
-0.03 (0.20)
-0.08 (0.23)

-0.20 (0.20)
-0.55 (0.12)
0.25 (0.16)
-0.13 (0.15)
-0.46 (0.14)
0.38 (0.19)

-0.10 (0.17)
-0.32 (0.12)
-0.25 (0.15)
0.15 (0.13)
-0.24 (0.14)
0.22 (0.16)

0.00 (0.18)
0.05 (0.12)
0.04 (0.15)
-0.16 (0.13)
0.01 (0.14)
0.00 (0.17)

-0.16 (0.19)
-0.08 (0.13)
0.68 (0.13)
-0.17 (0.14)
-0.06 (0.15)
0.13 (0.18)

-0.05 (0.17)
-0.33 (0.11)
-0.34 (0.15)
0.12 (0.13)
-0.30 (0.13)
0.21 (0.15)

-0.12 (0.16)

0.20 (0.18)

-0.07 (0.15)

-0.10 (0.13)

0.04 (0.13)

-0.11 (0.14)

-0.01 (0.13)

UMD = ultrasound muscle depth; IMF = intramuscular fat percentage; CW = carcass weight; CC = carcass conformation; CF = carcass fat; DD = dressing difference; DP =
dressing percentage.

Although carcass data for the purposes of cattle genetic evaluations is plentiful
in Ireland, feeding behaviour information may be included in a multi-trait genetic
evaluation as indicator traits alongside carcass traits in order to improve the accuracy
of genetic evaluations for carcass merit in jurisdictions where actual carcass data is
limited. On the other hand, there must be cognizance of the extra capital and running
costs of investing in feed bunk sensors required to measure feeding behaviour which
may not be compensated by the expected additional economic value of more reliable
estimates of carcass genetic merit.
7.6 Conclusions
As breeders continue to select cattle for greater levels of productivity and
efficiency, it is imperative to anticipate the other consequences of such selection.
Several genetic associations exist between some feeding behaviour traits and both
ultrasound and carcass traits. Therefore, indirect responses in the feeding behaviour of
growing cattle from selection for improved carcass credentials would be expected in
growing cattle. Any changes in the feeding behaviour patterns of cattle may be reduced
by measuring and including feeding behaviour in a multiple trait selection index
alongside carcass traits. Conversely, where carcass trait phenotypes on cattle are
limiting, feeding behaviour traits may be useful as indicator traits for carcass merit in
genetic evaluations.
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Chapter 8: Thesis Summary and Conclusions
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8.1 Thesis Summary
The overall objective of this thesis was to develop and verify the tools available
to select cattle superior for feed, production, and economic efficiency. This thesis
objective was achieved by:
1) defining traits in growing cattle that better reflect production efficiency (Chapter 2)
2) validating current beef breeding goals for both production (Chapter 3) and
economic (Chapter 4) efficiency
3) quantifying the phenotypic and genetic relationships of feeding behaviour with
performance, efficiency, and carcass merit, thereby aiding the investigation of the
predictive ability of feeding behaviour for feed intake (Chapters 5, 6, and 7).
Producing feed for consumption by cattle incurs both a monetary (Herd et al.,
2003) and environmental (Wall et al., 2009) cost; therefore cattle that are more feed
and production efficient are considered to be less economically and environmentally
expensive to raise. Previous definitions of feed efficiency in growing cattle did not
necessarily depict production efficiency; thus, novel feed and production efficiency
traits were derived in Chapter 2 that better characterise cattle superior for converting
feed into saleable product. The Irish beef terminal and maternal cattle breeding indexes
include the components of production efficiency, but to accelerate uptake by
stakeholders, confidence in such tools as to their efficacy must ensue. Verifying that
selection on such indexes will lead to improvements in feed and production efficiency
(Chapter 3) as well as farm profit (Chapter 4) is fundamental to adoption.
Feeding behaviour is relatively easier to measure compared to the difficult to
measure traits of feed intake and efficiency. Chapters 5, 6, and 7 of this thesis report,
in depth, on the phenotypic and genetic relationships between feeding behaviour and
performance, efficiency, and carcass traits, as well as the ability of feeding behaviour
to predict genetic merit for feed intake and efficiency.
The feed intake and liveweight data on up to 6,088 cattle, of which 3,146 had
carcass data, 4,672 had ultrasound data and 1,548 had feeding behaviour data, utilised
in this thesis originated from the Irish Cattle Breeding Federation (ICBF)
Performance/Progeny Test Station from 1992 to 2020; this was complemented by
information on other traits housed within the ICBF national database. The herd level
financial performance data on 1,311 commercial beef farms used in Chapter 4 was
available from the Teagasc eProfit Monitor system (Teagasc, 2020).
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Below is a brief synopsis of each thesis chapter:
Chapter 1: Literature review
 Economic breeding indexes for cattle in Ireland are the dairy Economic Breeding
Index (EBI), the beef terminal and replacement indexes, and the dairy-beef index.
 Breeding goal validation is often undertaken using data from 1) experimental
research herds, 2) cross-sectional analyses of animal level data, and/or 3) crosssectional analyses of herd level data; a consensus across the different methods
provides confidence to industry stakeholders.
 The primary feed efficiency traits investigated in growing cattle include feed
conversion ratio (FCR), residual feed intake (RFI), residual gain (RG), and residual
intake and gain (RIG), all of which exhibit moderate genetic variability in all cattle
populations studied.
 The collection of feed intake data from automatic feed stations enables the
derivation of a plethora of feeding behaviour traits, which includes those derived
from individual feed events at the feed station (i.e., feed events), or a cluster of feed
events (i.e., meals). Moderate heritability estimates have been reported for several
feeding behaviour traits from feed events, albeit from limited sized datasets.
 Gaps in knowledge include:
o Several of the genetic relationships between feed efficiency and carcass traits
suffer from a lack of consistency and precision across the literature, and
relationships between feed efficiency traits and dressing percentage in
particular are poorly characterised.
o The equivalence of including feed efficiency or its component traits in a
breeding goal has not been phenotypically validated previously in cattle
o No validation of how herd-level genetic merit associated with farm profit has
previously been undertaken in beef herds.
o Relatively few studies have investigated the phenotypic and genetic
relationships of all of feed intake, feed efficiency, and carcass merit, with
feeding behaviour in cattle, and these have generally been confined to a
limited number of feeding behaviour traits in relatively small cattle
populations.
o The usefulness of feeding behaviour traits in predicting genetic merit for feed
intake in cattle has not yet been explicitly explored.
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Chapter 2: Feed efficiency and carcass metrics in growing cattle
Objective: To modify the status quo definition of both residual energy intake (REI)
and residual gain (RG) traits to better reflect production efficiency and quantify their
interrelationships with performance, ultrasound, and carcass merit in growing cattle.
 Feed intake and liveweight records on 5,172 animals of which 4,387 were bulls,
542 were steers, and 243 were heifers.
 Several novel feed efficiency traits were derived by replacing liveweight with
carcass weight and pre-slaughter fat depth with post-slaughter carcass fat in the
regression equations for REI and RG.
 Phenotypic and genetic associations between all the feed intake, feed efficiency,
ultrasound, and carcass traits were estimated using animal linear mixed models.
 Heritability estimates for all derived REI traits ranged from 0.36 (REICWF; REI
using carcass weight and carcass fat as energy sinks) to 0.50 (traditional REI
derived with the energy sinks of both mid-test metabolic liveweight and ADG),
 Heritability estimates for RG traits ranged from 0.24 (traditional RG derived with
the components of feed intake and mid-test metabolic liveweight) to 0.34 (RG
derived using the components of feed intake and pre-slaughter metabolic
liveweight [RGFW]).
 Genetic correlations among all definitions of the REI traits ranged from 0.89 (REI
with REICWF) to 0.99 (traditional REI with REI using metabolic pre-slaughter
liveweight and ADG), and all were different from a correlation of one, suggesting
some re-ranking of animals would be expected depending on which of the REI
traits was used to classify animals on efficiency.


Genetic correlations among the derived RG traits ranged from 0.97 (RG derived
using the components of feed intake, metabolic liveweight, and ultrasound fat
depth [RGU] with RGFW) to 0.99 (traditional RG with RGU) and were either weakly
or not correlated (P > 0.05) with the ultrasound and carcass traits.

 Genetic correlations implied that selection on any of the REI traits will increase
carcass weight, lower the dressing difference, increase the dressing percentage,
and improve carcass conformation.
 To conclude, such novel REI traits could be used to rank animals on production
efficiency and feed accordingly or be used to select individuals for breeding lines
divergent for production efficiency.
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Chapter 3: Feed and production efficiency of young crossbred beef cattle
stratified on a terminal total merit index
Objective: To quantify the differences in phenotypic performance, especially feed and
production efficiency-related traits as well as carcass traits, in young crossbred bulls,
steers and heifers differing in total genetic merit for a terminal index.
 Validation dataset consisted of 614 cattle from a performance station which were
stratified into four groups based on their parental average terminal index value.
 Mixed models were used to quantify the association between the terminal index
and phenotypic performance, feed efficiency, carcass merit and ultrasound traits.
 Cattle in the very high terminal index stratum (i.e., top 25%) had a 0.63 kg DM/day
lower feed intake, a 25.05 kg heavier carcass weight, a 1.82 unit better carcass
conformation score, and a 1.24 unit lower carcass fat score, compared to cattle in
the very low terminal index stratum (i.e., bottom 25%).
 Cattle of superior total terminal genetic merit were also more feed efficient per
day, (i.e., had a lower energy conversion ratio, a lower residual feed intake, a
greater residual gain, and a greater residual intake and gain), had a lighter
differential between carcass weight and pre-slaughter liveweight and subsequently
had greater proportion of their liveweight as carcass weight (i.e., better dressing
percentage) relative to inferior genetic merit cattle. Higher terminal index cattle
were also younger at slaughter.
 The regression coefficient of phenotypic feed intake, carcass weight, carcass
conformation, or carcass fat on its respective estimated breeding values was 0.86
kg, 0.91 kg, 1.01 units, and 1.29 units, respectively, which are close to the
expectation of one.
 Expected profit per animal based on the observed phenotypic differences between
the very high and very low strata (€139.62) was comparable to the expectation of
€159.84 based on the mean difference in their terminal index.
 In conclusion, cattle superior for a total merit terminal index, which did not
explicitly include a feed efficiency trait, were not only more feed efficient per day,
but were more feed efficient over the entire finishing period, and generated heavier
carcasses of superior quality; thus, cattle with a higher terminal index value were
more production efficient than their lower terminal index contemporaries.
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Chapter 4: Commercial beef farms excelling in terminal and maternal genetic
merit generate more gross profit
Objective: To quantify the association between profitability with both herd-average
terminal and maternal genetic merit across a large number of Irish beef herds.
 Data set consisted of 2,308 herd-years from 1,311 unique commercial Irish beef
herds with physical and financial performance, as well as herd-average terminal
and maternal genetic merit. The herds represented the production systems of cowcalf to weanling/yearling, cow-calf to beef, and weanling/yearling to beef.
 Associations between herd financial performance metrics and herd average
genetic merit were quantified using a series of linear mixed models with year,
production system, herd size, stocking rate, concentrate input, and the two-way
interactions between production system and herd size, stocking rate, and
concentrate input included in the models as nuisance factors; herd nested within
the county of Ireland was included as a repeated effect.
 Each unit increase in the herd average terminal index of progeny was associated
with a €2.33, €1.41, and €0.0045 greater gross profit per hectare (ha), per livestock
unit (LU), and per kg liveweight gain, respectively; the respective coefficients for
net profit were €2.23, €1.37, and €0.0063.
 Herd-average dam maternal index and sire terminal index were both independently
positively associated with both gross profit per ha and gross profit per livestock
unit. Every one unit increase in dam maternal index was associated with a €1.40
and €0.76 greater gross profit per ha and per LU, respectively, while each one unit
increase sire terminal index was associated with a €1.30 and €0.76 greater gross
profit per ha and per LU.
 Both the herd average dam maternal calf sub-index and dam maternal cow subindex, which together combine into the overall dam maternal index, were
independently positively associated with gross profit per hectare and per livestock
unit.
 In conclusion, the relationships between herd beef genetic merit and herd financial
performance at the herd-level concur with previous validation studies at the
individual animal level that superior genetic merit for profit-based total merit
indexes translate into greater profit.
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Chapter 5: Large variability in feeding behaviour among crossbred growing
cattle
Objective: To derive feeding behaviour traits in growing cattle and to gain a greater
understanding of their phenotypic relationships with each other, as well as with other
performance and efficiency related traits.
 Time series feeding behaviour data, as well as feed intake and liveweight records,
were available on 624 growing crossbred cattle
 Fourteen feeding behaviour traits were derived which included those from feed
events and from meals (i.e., feed events clustered together).
 Repeatability estimates were first calculated using linear mixed models prior to
averaging each feeding behaviour traits across the test period.
 Feeding behaviour traits were then averaged across valid test days such that there
was a single average value per animal and partial Spearman phenotypic
correlations subsequently estimated among feeding behaviour traits and between
feeding behaviour and both performance and feed efficiency traits. The marginal
contribution of feeding behaviour traits to the phenotypic variability in
metabolizable energy intake (MEI) was also determined.
 Repeatability estimates for feeding behaviour ranged from 0.03 for energy intake
per meal to 0.57 for feed events per day.
 Cattle that ate more frequently per day, ate at a faster rate and consumed less
energy per visit to the feed bunk; they also had more feed events per meal.
 More efficient cattle ate less often and for a shorter duration per day, had a slower
feeding rate, and fed for longer in each visit to the feed bunk. Heavier cattle fed
for a longer duration per day had a faster feeding rate but ate less often per day;
heavier animals also fed first at the feed bunk after the fresh feed was offered and
had a higher energy intake per meal.
 The number of feed events per day and feeding time per day together explained an
additional 13.4 percentage points of the variability in MEI above that already
explained by all of growth rate, liveweight, and ultrasound backfat depth.
 In conclusion, considerable inter-animal phenotypic variability exists in cattle
feeding behaviour. Several repeatable feeding behaviour traits, that are less
resource intensive to measure, may have a role as useful predictors of important
but relatively difficult to measure traits such as feed intake and feed efficiency.
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Chapter 6: Genetic variability in the feeding behaviour of crossbred growing
cattle and associations with performance and feed efficiency
Objective: To: 1) estimate the genetic parameters of, and genetic associations among,
several feeding behaviour traits; and 2) quantify the genetic relationships between
feeding behaviour and both performance and feed efficiency traits, as well as the
potential use of feeding behaviour traits as predictors of genetic merit for feed intake.
 Feed intake and liveweight data available on 6,088 growing cattle, of which 4,672
had ultrasound data and 1,548 steers and heifers had feeding behaviour data.
 Feeding behaviour traits were defined based on individual feed events or meal
events (i.e., feed events clustered together).
 (Co)variance components were estimated using animal linear mixed models.
 Heritability estimates for the feeding behaviour traits ranged from 0.19 for meals
per day to 0.61 for feeding time per day. The coefficient of genetic variation per
trait varied from 5% for meals per day to 22% for feed event duration.
 Genetically heavier cattle, those with a higher daily energy intake (MEI), or those
that grew faster were genetically predisposed to have a faster feeding rate, as well
as a greater energy intake per feed event and per meal.
 A lower residual energy intake was genetically associated with both a shorter
feeding time per day and shorter meal time per day, but residual energy intake
adjusted for body composition was not genetically associated with any of the
feeding behaviour traits derived from feed events.
 In a validation population of 321 animals, the ability of estimated breeding values
(EBV) for daily energy intake (MEI) to predict (adjusted) phenotypic MEI was
demonstrated; EBVs for MEI were estimated using different sets of predictor traits
such as mid-test metabolic live-weight (MBW) and/or feeding behaviours.
 The correlation between adjusted phenotypic MEI and the respective EBV for
MEI marginally improved from 0.64 to 0.68 when feeding behaviour phenotypes
from the validation population were included in a genetic evaluation that already
included phenotypic MBW from the validation population.
 Significant genetic variability exists in the feeding behaviour of growing cattle and
some of these behavioural traits are associated with performance; however, the
usefulness of feeding behaviour as predictors of genetic merit for feed intake was
marginal.
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Chapter 7: Phenotypic and genetic associations between feeding behaviour and
carcass merit in crossbred growing cattle
Objective: To quantify the phenotypic and genetic associations between a plethora of
feeding behaviour traits with both ultrasound and carcass traits in growing cattle
 Carcass and feed intake data were available on 3,146 cattle, of which 2,795 and
2,445 also had records for pre-slaughter ultrasound muscle depth and
intramuscular fat percentage, respectively; 1,548 cattle had information on all of
the feeding behaviour, ultrasound and carcass traits.
 Feeding behaviour traits were defined based on individual feed events or meal
events.
 (Co)variance components were estimated using animal linear mixed models.
 Phenotypic correlations between feeding behaviour and both ultrasound and
carcass traits were generally weak and not different from zero; however,
phenotypic correlations of 0.40, 0.26, and 0.37 existed between carcass weight and
feeding rate, energy intake per feed event, and energy intake per meal,
respectively.
 Genetically, heavier carcasses, better conformed carcasses, or individuals with a
higher dressing percentage fed for a shorter time per day (genetic correlations of 0.46, -0.39, and -0.50, respectively).
 Genetic correlations of 0.43 and 0.68 existed between dressing difference (i.e.,
differential between live-weight pre-slaughter and carcass weight) and energy
intake per feed event and energy intake per meal, respectively.
 Single trait selection on carcass weight is expected to increase feeding rate by
0.056 MJ/min, reduce the time spent feeding per day by 6.3 min, increase the
energy intake per feed event by 0.26 MJ, and reduce the meal time per day by 10
min per generation.
 Indirect responses in the feeding behaviour of growing cattle from selection for
improved carcass credential would be expected. While carcass phenotypes are
widely available for genetic evaluations in Ireland, where carcass trait phenotypes
on cattle are limiting, some feeding behaviour traits may be useful as correlated
predictor traits for carcass merit in genetic evaluations.
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8.2 Thesis Conclusions and Implications
Results from this thesis have demonstrated novel traits which better represent
production efficiency (Chapter 2), validated the efficacy of beef breeding objectives
for production (Chapter 3) and economic (Chapter 4) efficiency, as well as developed
definitions of feed behaviour traits (Chapter 5) with demonstrated genetic variation
(Chapter 6), some of which could potentially be suitable proxy traits for feed intake
and carcass genetic merit (Chapters 6 and 7). Therefore, the primary implications of
this thesis are:
1) provides the methodology and tools to generate traits to aid the selection of more
productive and efficient cattle
2) provides confidence and reassurance to industry stakeholders, both nationally and
internationally, on the power of terminal and maternal beef breeding goals to enable
the selection of more feed and economically efficient cattle.
The secondary implication, in particular, is demonstrated by the fact that the
results and conclusions of the beef breeding goal validations presented in this thesis
have been integrated into knowledge transfer material for farmers by the Irish Cattle
Breeding Federation (ICBF; the body responsible for Irish cattle national genetic
evaluations) and Teagasc (the semi-state body responsible for agricultural education,
extension, and research in Ireland).
8.2.1 Feed efficiency versus production efficiency
Improving feed efficiency per day in growing cattle generally refers to
reducing the quantity of daily feed intake without a reduction in growth rate per day,
or increasing growth rate per day without a concomitant increase in daily feed intake.
Production efficiency, however, generally refers to (total) feed intake relative to
saleable product (i.e., carcass), which is a perspective of efficiency perhaps more
favourable to farmers raising cattle for slaughter given it is carcass quantity and quality
on which producers finishing cattle are paid, and not liveweight. In Chapter 2, new
efficiency traits reflective of production efficiency were developed using a
combination of feed intake, growth rate, carcass weight and carcass fat score. The main
disadvantage of such novel traits is that producers sometimes have difficulty
understanding the concepts of these residual traits (Wulfhorst et al., 2010). As
demonstrated in Chapter 3, there was no difference between explicitly including a feed
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efficiency trait, or its components, in selection index. Therefore, as the trait of feed
intake is relatively simple to grasp, breeding for more feed and production efficient
cattle may be achieved by including feed intake itself, and the relevant production
traits, in a total merit terminal index, rather than explicitly including a feed efficiency
trait. This, of course does not preclude the publication of a stand-alone efficiency trait;
a precedence of such exists in the presentation of EBVs for linear type traits which are
not directly included in breeding goals (ICBF, 2021a; 2021b)
Nonetheless, higher terminal genetic merit cattle are not only more feed
efficient per day, they are also more production efficient, i.e., they are slaughtered at
a younger age, at a greater carcass weight and quality, and a have a greater proportion
of their liveweight as carcass weight, relative to their lower terminal genetic merit
contemporaries. Therefore, the recommendation from this thesis is to include feed
intake and the traits relative to production (i.e., carcass weight and quality)
concurrently in an appropriately weighted total merit index. Ideally, feed intake across
the lifetime of the animal, and not only in the finishing period, should be considered
in breeding goals but such data are often not available. Connolly et al. (2019) also
demonstrated that cattle superior for such a terminal index yielded carcasses of a
greater red meat yield and a greater proportion of high value carcass cuts predicted
from mechanical grading of carcasses, relative to cattle of inferior terminal index
value. Therefore, while improvements in production efficiency attributed to higher
terminal genetic merit directly benefit the producer, the greater yield of higher value
primal cuts from higher terminal genetic merit cattle also benefits the meat processor;
the advantages of terminal breeding goals across the entire food supply chain are clear.
Improvements in feed and production efficiency are also expected to contribute
to downstream improvements in environmental efficiency and reductions in
greenhouse gas emissions from cattle. Donoghue et al. (2016) reported phenotypic and
genetic correlations of 0.71 and 0.84 ± 0.06, respectively, between methane output per
day, measured using respiration chambers, and feed intake per day in 1,043 purebred
Angus cattle. As cattle superior for the terminal index consume less per day, they
would be also then expected to emit less methane per day. The younger age at slaughter
concurrent with excellent carcass performance of the high terminal index cattle also
compounds this phenomenon as the superior genetic merit cattle would be emitting
methane for fewer days, as well as consuming less feed in total, thus, reducing the
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requirement of feed harvesting and the quantity of feed delivered to cattle in feedlot
systems. While methane is the dominant greenhouse gas in cattle production systems
(Herron et al., 2021), nitrous oxide emissions account for approximately 20% of total
greenhouse gas emissions in well managed and efficient cow-calf to beef systems
(Herron et al., 2021). Therefore, the reduced days on feed associated with superior
terminal genetic merit implies that these higher genetic merit cattle will be emitting
less nitrous oxide emissions for fewer days by excreting less faeces and urine. In fact,
reducing the age at slaughter of beef cattle is now recommended to be a practice Irish
farmers could undertake relatively quickly to make a significant impact on mitigating
environmental emissions and reducing the carbon footprint of their beef enterprise
(Herron et al., 2021; Murphy et al., 2013).
8.2.2 Index validation
Results from this thesis helps solidify the benefits and importance of breeding
goal validation, a topic that is sometimes undervalued in cattle production systems. In
order for producers to adopt any decision support tool, such as economic selection
indexes, they must have confidence that such tools are effective in delivering
improvements in the performance of livestock and profit. The same is true of the
researchers developing the tools; they themselves should constantly seek reassurance
that the tools are delivering but also no unfavourable repercussions arise. Similarly, it
is prudent to validate the perceived benefit, or lack thereof, of approaches seeking to
improve the accuracy of and reliability of genetic merit estimates, as was undertaken
for feeding behaviour and feed intake in Chapter 6 for example.
The cumulative effects of better production efficiency at the animal level, and
better profitability at the animal and herd-level, with improved beef genetic merit has
been clearly demonstrated herein. Not only do these results provide confidence to the
beef producer as the effectiveness of the Irish beef breeding indexes, but also indicates
to industry stakeholders and policymakers, up and down the supply chain, that utilising
economic selection indexes can help deliver real improvements in animal
performance, efficiency, and profit. Routine rather than ad-hoc breeding goal
validation using national databases of animal records, and databases of herd-level
records if available, should become a component of regular quality control procedures
associated with genetic evaluations; INTERBULL regularly requires participating
bodies to validate their genetic evaluations by masking recent years of data and
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comparing the predicted genetic merit at that time to more recent genetic evaluations
(INTERBULL, 2021). Testing and validation of methodologies for international
genetic evaluations, to enable comparison of sires across production systems and
countries, is also important (Maltecca et al., 2004); this is particularly relevant where
there is a substantial transfer of genetic material between countries as is in the dairy
industry. Additionally, breeding goal validation using research and experimental
herds, while expensive to establish and operate, are particularly valuable in some
cases, as they provide deep phenotypes on animal welfare, production, environmental,
and efficiency traits that may not be included in a breeding goal but may be influenced
by selection. Such an approach should help identify any deviations from expectation,
particularly when new traits are incorporated into selection indexes. Finally, the
usefulness of herd-level validation of genetic merit should not be understated and its
value was demonstrated in Chapter 4. Herd-level analyses enable factors not
attributable to individual animals but that are important to the financial efficiency of
the farm enterprise to be included in the analyses; such studies are also relatively cost
effective to undertake. While each validation approach has its advantages and
disadvantages, a consensus across the different approaches provides assurance to
interested parties on the efficacy of breeding goals.
The importance and associated benefits of validation also extend to other
decision support tools, other than breeding goals; validation of these tools should also
provide confidence to producers on their efficacy. Several decision support tools to
help identify candidate cows for culling (Kelleher et al., 2015), and to rank young
cattle, destined for slaughter, on market value (Dunne et al., 2020b) exist in Ireland
and are deployed by the Irish Cattle Breeding Federation. Kelleher et al. (2015)
developed the framework for an index [i.e., Cows Own Worth (COW)] intended to aid
the culling of the expected least profitable females in a dairy herd. Using phenotypic
data from a national database, dairy cows in the top 25% for the COW yielded 801 kg
more milk with a 0.1 % greater fat content, and a 0.13% greater protein content than
cows in the bottom 25% for the COW index. Similarly, Dunne et al. (2020b) developed
indexes to rank cattle destined for slaughter on their market value; the Calf Index was
targeted at producers purchasing young calves for growing and finishing, and the
Harvest Index was targeted at producers purchasing cattle close to slaughter. Both
indexes were validated using phenotypic data from a national database. Calves ranked
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in the top 25% for both the Calf and Harvest Index had heavier and more conformed
carcasses, ate less per day, and were slaughtered younger, resulting a significantly
larger carcass revenue than cattle in the bottom 25% for either index. Although not yet
deployed in Ireland, Dunne et al. (2020a) proposed a culling index analogous to the
COW index for beef females. Using phenotypic data from a national database, Dunne
et al. (2020a) demonstrated that cows in the top 25% for the beef future profit potential
index (BFPP) had an 8 day longer calving interval but calved 38.2 days earlier in the
calving season and were 1.63 times more likely to survive to the next lactation, relative
to cows in the bottom 25% for the BFPP. Cows in the best BFPP stratum were also
expected to generate €35.69 more profit per calving event than the worst BFPP stratum
(Dunne et al., 2020a).
The adoption of decisions support tools by producers is subject to several
factors such as the age of the user, usability of the software/tool, behaviour and
experience with technology, and access to training in particular (Rose et al., 2016).
Provided the results of index validations are communicated to producers in a clear and
effective manner (e.g. via discussion groups, at farm open days/demonstrations, farm
advisors, peer-to-peer networks, and the agricultural media), the uptake of these
indexes by producers should expand.
8.2.3 Usefulness of feeding behaviour
Results from Chapter 7 demonstrate that the benefit of using repeatable feeding
behaviour traits as predictors of genetic merit for feed intake was marginal in young
crossbred growing cattle at least. Genetic parameters and genetic correlations are
population dependent and variability in the genetic correlations between feed intake
with several feeding behaviour traits across different cattle populations do exist as
evidenced in the literature review (Chapter 1). Therefore, some feeding behaviours
may be better predictor traits in a genetic evaluation for feed intake in other cattle
populations internationally, primarily due to variation between jurisdictions in genetic
correlations between feeding behaviour and feed intake. Similarly, the genetic
correlations between feeding behaviour and some carcass traits presented in Chapter 7
suggest that that feeding behaviour traits may have a role as predictors of genetic merit
for carcass traits. If similar genetic correlations between feeding behaviour and carcass
merit estimated in this thesis exist in other cattle populations where carcass data are
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not readily available, then several repeatable time-related feeding behaviour traits may
be useful as pre-slaughter predictors of carcass genetic merit.
As was the case in this thesis and in the cattle literature (Robinson and Oddy,
2004; Chen et al., 2014; Nkrumah et al., 2007b; Montanholi et al., 2010), cattle feeding
behaviour data are generally collected from automatic feed stations where cattle only
have access to the feed bunk one at a time and so there is only one set of RFID tags
passing the fed bunk antennae(s) at any one time. Such automatic feed stations do not
generally exist on commercial farms, but rather feed barriers like a straight shoulder
bar, a diagonal feed barrier, or a head-locking barrier (Figure 8.1) where multiple cattle
can feed simultaneously are among the most common feed barrier types. In order to
record the feeding behaviour of individuals, cattle would need to be tagged with RFID
tags and receiving antennae fitted to some point on the feed barrier to record each visit
to the feed bunk.

Figure 8.1. Images of the three common types of feed barrier on commercial beef
farms; a) straight shoulder bart, b) diagonal feed barrieru, and c) head-locking barrierv.
Feeding behaviour could also be estimated in cattle from apparatuses like the
RumiWatch noseband sensor (Itin+Hoch GmbH, Liestal, Switzerland) which has been
validated previously in indoor fed (Zehner et al., 2017) and grazing cattle (Werner et
al., 2018). Such a system uses a pressure sensor on the nose connected to a strap around

t

https://shieldagriculture.co.uk/product/3-bar-feed-fence/
https://www.odonovaneng.ie/product/diagonal-feed-barrier/
v
https://www.odonovaneng.ie/product/head-locking-barrier/
u
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the jaws of the animal which record jaw movements, and then uses an algorithm to
classify behaviour into time spent ruminating, feeding, or drinking; operation of the
RumiWatch noseband sensor and classification criteria has been described in detail by
Zehner et al. (2017). While the RumiWatch system has been developed for research
animals, the technology itself or a similar animal-wearable technology based upon
equivalent principles could be employed in highly informative nucleus or commercial
herds in order to collect feeding behaviour data; the end goal of using such information
is in the development of genomic evaluations. No genetic parameters for behavioural
traits recorded using the RumiWatch system, however, could be found for beef cattle
in the literature. It could be argued that feed intake could be measured directly in these
nucleus herds instead of feeding behaviour as predictor traits. Assuming the
heritability estimates of such behaviour traits, and genetic correlation estimates
between feeding behaviour and a breeding goal trait (e.g. feed intake, carcass weight)
are within the range estimates reported in this thesis and the cattle literature (Chapter
1), the indirect influence of the number of feeding behaviour progeny records on the
accuracy of a breeding goal trait genetic merit can be simulated using selection index
theory calculations.
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Figure 8.2. Accuracy of estimates of breeding goal trait genetic merit for a range of
feeding behaviour heritability estimates (h2), and a range of genetic correlations
magnitudes between the goal trait and feeding behaviour, across different number of
progeny records for feeding behaviour assuming no records for the breeding goal trait
are available.

Where no records for a breeding goal trait are available, and a genetic correlation of
0.50 exists between a sensor-derived feeding behaviour trait and goal trait, then to
achieve an accuracy of 0.45 for the goal trait, 167, 81, 53, 39, 30, and 25 progeny
records per feeding behaviour trait would be required if feeding behaviour had a
heritability of 0.10, 0.20, 0.30, 0.40, 0.50, and 0.60, respectively (Figure 8.2).
Furthermore, when the genetic correlation magnitude was 0.10, the accuracy of the
breeding goal trait EBV remained very low (i.e., < 0.10) regardless of the feeding
behaviour traits heritability. In fact, the upper limit of accuracy of the goal trait EBV
is generally dictated by the genetic correlation between the goal trait and the feeding
behaviour trait, while the heritability of feeding behaviour has a bearing on how many
records are required to achieve that upper limit in accuracy.
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8.2.4 Impact of current beef breeding goals on feeding behaviour characteristics
Selection index theory can be used to predict the response to selection on
individual traits as a consequence of selection on a total merit index. Of interest here
was the impact of selection on either the terminal or replacement index on the feeding
behaviour traits first described in Chapter 5. The beef terminal index has been
described previously in Chapters 3 and 4, while the beef replacement index has been
described in Chapter 4. Genetic parameters (Table 8.2) and economic weights
(Appendix F) for the breeding goal traits were those used in the national genetic
evaluations. For the feeding behaviour traits, the trait definitions and phenotypic and
genetic parameters were obtained from the respective Chapter.
Where genetic correlations had not been estimated between some traits, they
were inferred from the correlation between high reliability PTAs. Predicted
transmitting abilities from the June 2021 national beef genetic evaluations were
extracted from the Irish Cattle Breeding Federation (ICBF) database (www.icbf.com)
for purebred Limousin artificial insemination (AI) bulls born between the years 2000
and 2018; only breeding goal trait PTAs with a reliability ≥ 70% were retained. The
MiX99 software suite (MiX99 Development Team, 2015) was used to generate EBVs
for each of the feeding behaviour traits in a multitrait genetic evaluation, that also
included feed intake and metabolic liveweight; the genetic evaluation dataset used was
initially described in Chapter 6 and included feed intake and liveweight data on 6,088
cattle of which 1,548 had feeding behaviour data. The models fitted for estimating
variance components in the genetic evaluation were the same as those described in
Chapter 6. Only estimated breeding values (EBV) for feeding behaviour traits of the
Limousin AI sires with a reliability ≥ 20% were retained. The inferred genetic
correlations among the breeding goal trait PTAs are in Appendix P and between the
breeding goal traits PTAs and feeding behaviour trait EBVs are in Table 8.2. For the
terminal and replacement breeding indexes, 80 progeny records per trait was assumed
for each breeding goal trait in the selection index calculations; response per generation
for each breeding goal trait was scaled by the respective trait genetic standard
deviation.
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Table 8.1. Heritability (h2) and genetic standard deviation (σg) for each of the goal
traits in the terminal and replacement indexes.
h2

σg

h2

σg

Age at first calving, day

0.31

21.31

Gestation length, day

0.35

2.18

Maternal calving
difficulty, %

0.04

2.06

Perinatal mortality, %

0.03

1.09

Milk, kg

0.10

8.34

Docility, scale

0.35

0.13

Calving interval, day

0.03

6.00

Carcass weight, kg

0.40

12.97

Cow liveweight, kg

0.40

28.17

Carcass conformation,
scale

0.35

0.56

Survival, %

0.02

2.85

Carcass fat, scale

0.32

0.44

Cull cow carcass weight,
kg

0.40

16.80

Feed intake, kg DM/day

0.44

0.56

Direct calving difficulty,
%

0.10

3.91

Trait

Trait
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Table 8.2. Genetic correlations between the feeding behaviour traits and goal traits in the terminal and replacement indexes.
Trait
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Feeding time
per day
Feed events
per day
Feeding rate
Energy intake
per feed event
Feed event
duration
Time between
feed events
Meals per day
Total meal
time per day
Energy intake
per meal
Feed events
per meal
Meal duration
Time between
meals
Time between
feed events
within a meal

Age at
first
calving

Maternal
calving
difficulty

Milk

Calving
interval

Cow
liveweight

Survival

Cull cow
carcass
weight

Direct
calving
difficulty

Gestation
length

Perinatal
mortality

Docility

-0.14

-0.06

0.12

-0.32

-0.20

0.22

-0.25

-0.04

-0.20

0.00

0.12

-0.29

0.01

0.32

-0.17

-0.23

0.30

-0.17

-0.18

-0.36

-0.06

-0.09

0.09

-0.11

0.01

0.27

0.24

-0.17

0.29

0.18

0.07

-0.07

-0.19

0.27

-0.16

-0.17

0.27

0.31

-0.19

0.25

0.29

0.25

0.12

0.01

0.23

-0.05

-0.23

0.05

0.18

-0.17

0.09

0.18

0.28

0.15

0.18

0.30

-0.08

-0.30

0.24

0.30

-0.26

0.26

0.23

0.35

0.10

0.08

-0.45

-0.19

0.13

-0.04

-0.04

0.32

0.08

-0.08

-0.28

-0.11

0.04

-0.26

0.06

0.23

-0.26

-0.29

0.16

-0.26

-0.09

-0.26

-0.10

0.05

0.27

-0.19

0.08

0.24

0.14

-0.20

0.11

0.32

0.00

0.06

-0.24

-0.23

0.08

0.30

-0.17

-0.27

0.21

-0.23

-0.19

-0.35

-0.04

-0.12

-0.02

0.09

0.17

-0.24

-0.29

0.08

-0.31

-0.07

-0.20

-0.04

0.00

0.39

0.07

-0.25

0.21

0.18

-0.37

0.11

0.14

0.28

0.15

-0.05

0.21

0.09

-0.28

0.07

0.17

-0.32

0.17

0.00

0.35

-0.13

0.16

Figure 8.3. Predicted genetic response per generation for traits in the terminal index
(blue; above dashed horizontal line) and the feeding behaviour traits (red; below
dashed horizontal line); each response per generation was scaled by the respective trait
genetic standard deviation.
The fastest response per generation among the feeding behaviour traits, based
on selection using the beef terminal Index, was for total meal time per day (-0.49
genetic standard deviation units), feeding time per day (-0.49 genetic standard
deviation units), and meal duration (-0.40 genetic standard deviation units) (Figure
8.3). Selection on the terminal index is also expected to increase feeding rate, energy
intake per feed event, as well as the time between feed events and between meals. The
expected response to selection for feed intake (-0.36 genetic standard deviation units)
was essentially the same as the response to selection for feed intake (-0.35 genetic
standard deviation units) estimated from the difference between terminal index strata
in Chapter 3. Every standard deviation unit increase in the terminal Index (standard
deviation = €48 in this selection index) would be expected to result in a 0.04 MJ/min
faster feeding rate, 7.44 minute shorter feeding time per day, as well as a 9.97 shorter
total meal time per day. Therefore, changes in feeding behaviour characteristics from
genetic selection using the terminal Index could potentially have favourable
consequences for producers as competition for feed bunk space could be reduced
among higher terminal genetic merit cattle where they consume less feed and spend
less time at the feed bunk per day.
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Figure 8.4. Predicted genetic response per generation for traits in the replacement
index (blue; above dashed horizontal line) and the feeding behaviour traits (red; below
dashed horizontal line); each response per generation was scaled by the respective trait
genetic standard deviation.
Selection using the beef replacement index is expected to increase the feeding
time per day and the number of feed events per day, as well as both the number of
meals per day and the number of feed events per meal (Figure 8.4). Of all the feeding
behaviour traits, the time between meals is expected to reduce at the fastest rate (-0.42
genetic standard deviation units), followed by the time between feed events (-0.40
genetic standard deviation units), with essentially no change in either feeding rate or
meal duration. All of the number of feed events per day, meals per day, and feed events
per meal are expected to increase (genetic standard deviation units of 0.31, 0.30, and
0.28, respectively). The changes in feeding behaviour characteristics from selection on
the replacement index are, nonetheless, biologically small. Each standard deviation
unit increase in the replacement index (standard deviation = €101 in this selection
index) is expected to result in a 1.81 minute longer feeding time per day, 2.15 more
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feed events per day, a 0.28 minute shorter feed event duration, and a 0.24 MJ lower
energy intake per feed event.
8.3 Further Research
Although this thesis focused on cattle, the principles and methods in terms of
the novel efficiency traits, breeding goal validation for efficiency and profit, and the
role of feeding behaviours as proxy traits could be employed in other species such as
sheep. The limitation is that often the required feed intake and behaviour data are not
readily available on sufficiently large sheep populations to enable the estimation of
precise genetic parameters for feed efficiency traits. Unlike the ICBF Cattle Progeny
Test Centre, there is no dedicated sheep progeny test centre for feed intake and
efficiency in Ireland, with all currently available feed intake measurements for sheep
originating from experiments in sheep research flocks. Additionally, although there
are sheep producers partaking in the Teagasc eProfit Monitor program (i.e., the origin
of the financial data used in Chapter 4), it is often the case that these flocks with
financial data do not have reliable ancestry information to enable the calculation of
flock-level terminal and maternal genetic merit. The use of low-cost genotyping
technology in informative flocks, however, may remove the requirement to record
parentage and thus enable such validations to be undertaken.
As outlined in Chapters 1 and 3, improvements in feed and production
efficiency is expected to reduce the daily methane emissions of growing cattle; as such,
cattle superior for the current Irish terminal index are expected to emit less methane
per day and potentially over the entire finishing period. This is not known for certain,
however, due to a paucity of data on methane emissions. Accelerated genetic gain in
reducing animal-level emissions may be achieved by directly selecting for lower
emissions within a total merit index. Nonetheless, sufficient data on individual animal
methane emissions is lacking to enable the estimation of accurate genetic parameters,
and essentially no methane measurements from beef cattle at pasture exist in Ireland.
As more phenotypic data on individual animal methane emissions is collected, the
feasibility of including a methane trait in beef selection indexes, and thus the benefit
of directly breeding for better environmental efficiency, can be quantified.
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Appendix A. Partial regression coefficients (SE in parentheses) of metabolizable energy intake on mid-test metabolic liveweight (MBW),
metabolic final liveweight pre-slaughter (MFW), ADG, ultrasound fat depth (UFD), carcass weight (CW), carcass fat score (CF), and their
interactions for each of the respective alternative REI trait models1 within animal sex (bulls tested post-2011, steers, and heifers) (Chapter 2).
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Model2
REI
Bulls
Steers
Heifers
REIU
Bulls
Steers
Heifers
REIFW
Bulls
Steers
Heifers
REICW
Bulls
Steers
Heifers
REICWF
Bulls
Steers
Heifers
1

MBW

MFW

ADG

UFD

UFD × MBW

UFD × ADG

CW

CF

CF × CW

0.92 (0.04)
1.01 (0.06)
1.39 (0.12)

-

16.43 (1.14)
22.87 (2.07)
10.89 (3.45)

-

-

-

-

-

-

0.87 (0.12)
0.85 (0.23)
1.26 (0.28)

-

15.08 (3.64)
17.03 (7.71)
29.49 (8.65)

3.67 (4.04)
3.69 (4.80)
6.26 (4.60)

-0.01 (0.03)
-0.01 (0.04)
-0.01 (0.04)

0.68 (0.94)
1.33 (1.46)
-2.89 (1.38)

-

-

-

-

0.95 (0.04)
1.05 (0.07)
1.37 (0.12)

11.45 (1.33)
17.68 (2.36)
4.29 (4.00)

-

-

-

-

-

-

-

-

18.2 (1.42)
26.44 (2.48)
15.82 (4.13)

-

-

-

0.14 (0.01)
0.17 (0.02)
0.24 (0.03)

-

-

-

-

16.75 (1.33)
24.19 (2.34)
14.84 (3.88)

-

-

-

0.17 (0.04)
0.08 (0.07)
0.08 (0.10)

7.55 (3.02)
-0.34 (3.46)
-0.93 (3.38)

-0.01 (0.01)
0.01 (0.01)
0.01 (0.01)

REI = residual energy intake; REIU = REI adjusted for ultrasound fat depth; REIFW = residual energy intake using metabolic final liveweight pre-slaughter; REICW = residual
energy intake using carcass weight; REICWF = REICW adjusted for carcass fat.
2
All REI trait models also included batch (n=118) as a contemporary group effect.

Appendix B. Range of phenotypic correlations among feed intake, metabolic bodyweight, ADG, ultrasound fat depth, and carcass weight extracted
from the literature and used in the coefficient of multiple determination calculations. Superscript beside the correlation is the number of studies
included within the correlation range (Chapter 2).
ADG

Metabolic
bodyweight

Trait

Feed intake

ADG, kg/day

0.44 to 0.736

Metabolic bodyweight, kg0.75

0.40 to 0.716

0.23 to 0.576

Ultrasound fat depth, mm

0.04 to 0.416

-0.02 to 0.256

-0.11 to 0.396

Carcass weight, kg

0.52 to 0.72 3

0.31 to 0.493

0.67 to 0.843

Ultrasound
fat depth

0.021
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Appendix C. Least squares means1 and pooled SE of the difference between least
squares means (SED) for performance, efficiency, carcass, and ultrasound traits for
very low, low, high and very high terminal index bulls (Chapter 3).
Trait2
Performance
Average daily gain, kg/day
Dry matter intake, kg/day
Metabolizable energy intake, MJ/day
Metabolic liveweight, kg0.75
Pre-slaughter liveweight, kg
Age at slaughter3, day
Adjusted age at slaughter4,day
Efficiency
Energy conversion ratio
Relative growth rate
Kleiber ratio
Residual energy intake, MJ/day
REIU, MJ/day
Residual gain, kg/day
RGU, kg/day
Residual intake and gain
RIGU
Carcass
Carcass weight, kg
Carcass conformation, scale 1-15
Carcass fat, scale 1-15
Dressing difference, kg
Dressing percentage, %
Ultrasound
Ultrasound fat depth, mm
Ultrasound muscle depth, mm
Intramuscular fat, %

Very Low

Low

High

Very High

SED

1.95
14.00
187.58ab
126.4ab
714.3
461
466

2.01
14.27
191.14a
130.4a
741.0
460
466

1.99
13.82
184.88ab
129.4ab
735.4
453
464

2.01
13.35
178.51b
127.1b
721.0
454
462

0.050
0.256
3.206
1.567
11.039
4.269
4.240

100.70
0.360
0.0158
2.49a
0.02a
-0.08a
-0.10a
-0.54a
-0.42a

100.74
0.356
0.0158
1.41a
1.34a
-0.06ab
-0.07a
-0.36a
-0.44a

97.65
0.354
0.0157
-3.67ab
-3.87ab
-0.01ab
-0.05ab
0.31ab
0.17ab

93.80
0.368
0.0162
-8.10b
-6.33b
0.07b
0.03b
1.04b
0.78b

2.982
0.010
0.0004
2.239
2.560

405.44a
11.10a
7.29a
308.26ab
57.16a

426.45ab
11.86b
6.92ab
313.86a
57.83ab

431.05b
12.24bc
6.41bc
303.58ab
59.06bc

429.75b
12.80c
5.92c
290.63b
60.16c

6.584

4.58a
75.22a
6.04a

4.16ab
77.07ab
5.84a

3.86ab
79.76b
5.43ab

3.51b
80.90b
5.15b

0.275
1.371
0.254

a-d

0.042
0.045
0.300
0.370

0.222
0.234
5.504
0.375

Least squares means within a row with different subscripts differ (P < 0.05).
Referrent animal was a purebred bull from a 3rd parity dam slaughtered at 16 months of age.
2
REIU = residual energy intake adjusted for ultrasound fat depth; RGU = residual gain adjusted for
ultrasound fat depth; RIGU = residual intake and gain adjusted for ultrasound fat depth.
3
Referent animal was a purebred bull from a 3rd parity dam.
4
Referent animal was a purebred bull from a 3rd parity dam slaughtered at a carcass weight of 360 kg.
1
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Appendix D. Least squares phenotypic means1 and pooled standard errors of the
difference between least squares means (SED) for performance, efficiency, carcass,
and ultrasound traits for very low, low, high and very high terminal index heifers
(Chapter 3).
Trait2
Performance
Average daily gain, kg/day
Dry matter intake, kg/day
Metabolizable energy intake, MJ/day
Metabolic liveweight, kg0.75
Pre-slaughter liveweight, kg
Age at slaughter3, day
Adjusted age at slaughter4,day
Efficiency
Energy conversion ratio
Relative growth rate
Kleiber ratio
Residual energy intake, MJ/day
REIU, MJ/day
Residual gain, kg/day
RGU, kg/day
Residual intake and gain
RIGU
Carcass
Carcass weight, kg
Carcass conformation, scale 1-15
Carcass fat, scale 1-15
Dressing difference, kg
Dressing percentage, %
Ultrasound
Ultrasound fat depth, mm
Ultrasound muscle depth, mm
Intramuscular fat, %

Very Low

Low

High

Very High

SED

1.22
11.45
138.43
114.0
596.0
523
530

1.29
10.90
131.91
114.3
600.2
517
524

1.19
10.39
125.71
111.9
582.0
515
522

1.37
10.75
130.13
115.4
610.1
512
516

0.067
0.344
4.310
2.107
14.841
5.738
5.725

115.62a
0.231
0.0107
5.27a
3.23a
-0.03
-0.02
-0.63a
-0.42a

105.92ab
0.246
0.0114
-1.91ab
1.00ab
0.03
0.04
0.31ab
-0.44ab

107.46ab
0.233
0.0107
-4.59ab
-3.04ab
-0.04
-0.03
0.28ab
0.17ab

97.58b
0.257
0.0119
-4.89b
-5.31b
0.10
0.09
0.88b
0.78b

4.010

319.15
8.43a
8.63
276.24
53.68a

326.45
9.11a
8.24
273.10
54.61a

326.06
10.08b
7.74
255.26
56.28b

344.52
10.19b
7.66
265.00
56.64b

8.852

6.16a
76.53ab
6.40

5.53ab
75.09a
6.79

4.87b
79.41ab
6.12

4.67b
81.45b
5.94

0.363
1.809
0.335

a-d

0.013
0.0005
3.029
3.52
0.057
0.061
0.406
0.513

0.298
0.314
7.399
0.504

Least squares means within a row with different subscripts differ (P < 0.05).
Referrent animal was a purebred heifer from a 3 rd parity dam slaughtered at 18 months of age.
2
REIU = residual energy intake adjusted for ultrasound fat depth; RG U = residual gain adjusted for
ultrasound fat depth; RIGU = residual intake and gain adjusted for ultrasound fat depth.
2
Referent animal was a purebred heifer from a 3 rd parity dam.
3
Referent animal was a purebred heifer from a 3rd parity dam slaughtered at a carcass weight of 360 kg.
1
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Appendix E. Least squares phenotypic means1 and pooled SE of the difference
between least squares means (SED) for performance, efficiency, carcass, and
ultrasound traits for very low, low, high, and very high terminal index steers (Chapter
3).
Trait2
Performance
Average daily gain, kg/day
Dry matter intake, kg/day
Metabolizable energy intake, MJ/day
Metabolic liveweight, kg0.75
Pre-slaughter liveweight, kg
Age at slaughter3, day
Adjusted age at slaughter4,day
Efficiency
Energy conversion ratio
Relative growth rate
Kleiber ratio
Residual energy intake, MJ/day
REIU, MJ/day
Residual gain, kg/day
RGU, kg/day
Residual intake and gain
RIGU
Carcass
Carcass weight, kg
Carcass conformation, scale 1-15
Carcass fat, scale 1-15
Dressing difference, kg
Dressing percentage, %
Ultrasound
Ultrasound fat depth, mm
Ultrasound muscle depth, mm
Intramuscular fat, %

Very Low

Low

High

Very High

SED

1.52
12.33
148.90
119.7
644.2
579a
598a

1.46
12.14
146.62
121.0
649.9
573ab
592ab

1.49
11.88
143.48
118.5
632.4
584ab
590b

1.51
11.78
142.36
120.5
647.5
560b
585b

0.050
0.256
3.205
1.567
11.032
4.225
4.190

101.77
0.278
0.0129
2.50
0.57
0.04
0.06
-0.06
0.21

105.10
0.264
0.0123
0.40
-2.17
0.00
0.00
-0.04
0.21

99.30
0.274
0.0127
0.18
2.63
0.05
0.03
0.17
-0.15

97.59
0.271
0.0126
-3.94
-2.26
0.06
0.03
0.63
0.36

2.982

347.04a
8.48a
7.57a
297.17a
53.84a

356.50ab
9.19ab
7.16ab
293.36ab
54.82a

354.62ab
9.58b
6.73bc
277.50bc
56.09b

372.43b
10.48c
6.19c
275.14c
57.56c

6.581

5.60a
73.86a
6.35a

5.07a
77.69ab
5.53ab

3.96b
78.02ab
5.38b

3.41b
79.65b
5.15b

0.319
1.587
0.294

a-d

0.010
0.0004
2.220
3.011
0.041
0.053
0.297
0.435

0.221
0.233
5.495
0.373

Least squares means within a row with different subscripts differ (P < 0.05).
Referrent animal was a steer from a purebred steer from a 3 rd parity dam slaughtered at 20 months of
age.
2
REIU = residual energy intake adjusted for ultrasound fat depth; RG U = residual gain adjusted for
ultrasound fat depth; RIGU = residual intake and gain adjusted for ultrasound fat depth.
3
Referent animal was a purebred steer from a 3 rd parity dam.
4
Referent animal was a purebred steer from a 3 rd parity dam slaughtered at a carcass weight of 360 kg.
1
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Appendix F. Economic weights and relative emphasis of each trait in either the
terminal or maternal index (Chapter 4).
Economic weight (€/trait unit)

Relative Emphasis (%)

Terminal
Index

Maternal Index

Terminal
Index

Maternal
Index

3.14

2.10

41

10

14.77

10.22

11

3

Carcass fat, scale 1-15

-7.86

-5.44

5

1

Feed intake, kg DM/day

-38.63

-26.86

16

4

17.02

14.72

2

1

-4.65

-5.12

18

7

-2.25

-2.48

4

2

-5.34

-5.87

3

1

Trait
Carcass weight, kg
1

Carcass conformation, scale 1-15
1

Docility, scale 1-52
Direct calving difficulty, %

3

Gestation length, day
Perinatal mortality, %

4

Maternal calving difficulty, %3

-4.98

6

Age at first calving, day

-0.99

6

Calving interval. day

-5.07

9

Survival, %

8.86

8

5.58

18

Cow docility, scale 1-5

77.27

4

Cow liveweight, kg

-1.31

14

Cull cow carcass weight, kg

0.91

7

Milking ability, kg
2

1

A score of 1 represents poor conformation or a lean carcass, and a score of 15 represents a well
conformed or fat carcass.
2
A score of 1 represents aggressive animals and a score of 5 represents more docile animals
3
Percentage of progeny records that are 3 or 4 on a 1–4 scale; a score of 1 represents a normal calving
and a score of 4 represents veterinary assistance.
4
Percentage of calves stillborn or dead within 5 day of birth.
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Appendix G. Least squares means (error bars represent one SE each side of the mean estimate) for net profit per hectare for the interaction of beef
production system (i.e., weanling/yearling to beef, cow-calf to beef, and cow-calf to weanling/yearling) with the class variables of either stocking
rate, herd size, or value of concentrates consumed per hectare. The significance of the two-way interactions between production system and stocking
rate, herd size, or value of concentrates consumed per hectare were P < 0.05, P = 0.196, and P < 0.001, respectively. Means are presented relative
to the first category for stocking rate and herd size, and last category for concentrates consumed per hectare, within the cow-calf to
weanling/yearling system (Chapter 4).
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Appendix H. Least squares means (error bars represent one SE each side of the mean estimate) for net profit per livestock unit (LU) by the
interaction of beef production system (i.e., weanling/yearling to beef, cow-calf to beef, and cow-calf to weanling/yearling) with the class variables
of either stocking rate, herd size, or value of concentrates consumed per hectare. The significance of the two-way interactions between production
system and stocking rate, herd size, or value of concentrates consumed per hectare were P = 0.265, P = 0.827, and P < 0.05, respectively. Means
are presented relative to the first category for stocking rate and herd size, and last category for concentrates consumed per hectare, within the cowcalf to weanling/yearling system (Chapter 4).
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Appendix I. Least squares means (error bars represent one SE each side of the mean estimate) for net profit per kg liveweight by the interaction
of beef production system (i.e., weanling/yearling to beef, cow-calf to beef, and cow-calf to weanling/yearling) with the class variables of either
stocking rate, herd size, or value of concentrates consumed per hectare. The significance of the two-way interactions between production system
and stocking rate, herd size, or value of concentrates consumed per hectare were P = 0.872, P = 0.920, and P < 0.05, respectively. Means are
presented relative to the first category for stocking rate and herd size, and last category for concentrates consumed per hectare, within the cow-calf
to weanling/yearling system (Chapter 4).

Appendix J. Regression coefficients (b; SE in parentheses) estimated from a mixed model for herd financial performance on terminal index value
by production system (Chapter 4).
Weanling/yearling
to beef
Financial variable
Gross revenue output per hectare, €/ha

a

13.47 (3.95)***

Cow-calf to
weanling/yearling

b (SE)

b (SE)

b

b

3.38 (0.79)***

2.71 (0.49)***

Variable costs per hectare, €/ha

5.69 (2.61)*

1.00 (0.50)*

0.48b (0.31)

Gross profit per hectare, €/ha

8.98 (3.79)*

2.45 (0.74)***

2.19 (0.46)***

Fixed costs per hectare, €/ha

3.42 (2.96)

-0.20 (0.60)

0.30 (0.37)

Net profit per hectare, €/ha

6.24 (4.65)

2.83 (0.91)**

1.95 (0.57)***
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Gross revenue output per livestock unit, €/LU

a-b

b (SE)1

Cow-calf to beef

a

6.73 (2.04)***

1.99 (0.40)***

1.88b (0.25)***

Variable costs per livestock unit , €/LU

2.76 (1.43)

0.61 (0.27)*

0.47 (0.17)**

Gross profit per livestock unit , €/LU

4.51 (2.21)*

1.39 (0.43)**

1.37 (0.27)***

Fixed costs per livestock unit , €/LU

2.21 (1.87)

-0.12 (0.38)

0.21 (0.24)

Net profit per livestock unit , €/LU

2.56 (2.89)

1.71 (0.57)**

1.23 (0.36)***

Gross revenue output per kg liveweight, €/kg

0.0070 (0.0049)

0.0034 (0.0009)***

0.0040 (0.0006)***

Variable costs per kg liveweight, €/kg

-0.0018 (0.0061)

-0.0007 (0.0012)

-0.0006 (0.0007)

Gross profit per kg liveweight, €/kg

0.0079 (0.0069)

0.0041 (0.0013)**

0.0047 (0.0008)***

Fixed costs per kg liveweight, €/kg

-0.0002 (0.0074)

-0.0029 (0.0015)

-0.0011 (0.0009)

Net profit per kg liveweight, €/kg

0.0094 (0.0108)

0.0073 (0.0021)***

0.0059 (0.0013)***

Within row coefficients with different superscripts differ (P < 0.05).
1
Significance of coefficient from zero: * P < 0.05; ** P < 0.01; *** P < 0.001.

a

ab

b

Appendix K. Regression coefficients (b; SE in parentheses) estimated from a mixed model for herd financial performance on both dam maternal
index and sire terminal index value by production system (Chapter 4).
Dam maternal index

Financial variable
Gross revenue output per hectare, €/ha
Variable costs per hectare, €/ha
Gross profit per hectare, €/ha
Fixed costs per hectare, €/ha

248

Net profit per hectare, €/ha
Gross revenue output per livestock unit, €/LU

a-b

Cow-calf to beef

Cow-calf to
weanling/yearling

Cow-calf to beef

Cow-calf to
weanling/yearling

b (SE)1

b (SE)

b (SE)

b (SE)

4.68a (0.89)***

1.53b (0.54)**

0.82 (0.50)

1.43 (0.34)***

a

b

2.16 (0.59)***

0.46 (0.35)

-0.61 (0.33)

0.08 (0.22)

2.68 (0.93)**

0.95 (0.56)

1.43 (0.51)**

1.23 (0.35)***

a

b

2.32 (0.76)**

0.16 (0.45)

-0.30 (0.41)

0.24 (0.28)

0.63 (1.17)

0.78 (0.70)

1.91 (0.64)**

1.06 (0.44)*

a

b

2.05 (0.50)***

0.72 (0.30)*

0.63 (0.28)*

0.91 (0.19)***

Variable costs per livestock unit, €/LU

0.62 (0.36)

0.10 (0.21)

-0.16 (0.19)

0.20 (0.13)

Gross profit per livestock unit, €/LU

1.35 (0.56)*

0.54 (0.34)

0.93 (0.31)**

0.67 (0.21)**

Fixed costs per livestock unit, €/LU

0.90 (0.49)

0.07 (0.29)

-0.07 (0.26)

0.22 (0.18)

Net profit per livestock unit, €/LU

0.57 (0.75)

0.47 (0.44)

1.12 (0.41)**

Gross revenue output per kg liveweight, €/kg

0.0008 (0.0012)

-0.0010 (0.0007)

0.0014 (0.0007)*

Variable costs per kg liveweight, €/kg

-0.0010 (0.0015)

-0.0020 (0.0009)*

-0.0012 (0.0009)

0.50 (0.28)
0.0016 (0.0005)***
***
-0.0004 (0.0006)

Gross profit per kg liveweight, €/kg

0.0020 (0.0018)

0.0009 (0.0011)

0.0026 (0.0010)**

0.0022 (0.0007)**

Fixed costs per kg liveweight, €/kg

0.0001 (0.002)

-0.0017 (0.0012)

-0.0011 (0.0011)

-0.0001 (0.0007)

Net profit per kg liveweight, €/kg

0.0019 (0.0028)

0.0030 (0.0017)

0.0040 (0.0016)*

0.0023 (0.0011)*

For each index, within row coefficients with different superscripts differ (P < 0.05).
Significance of coefficient from zero: * P < 0.05; ** P < 0.01; *** P < 0.001.

1

Sire terminal index

Appendix L. Regression coefficients (b; SE in parentheses) estimated from a mixed model for herd financial performance on both dam maternal
sub-indexes value by production system. Sire terminal index was also included in the model but these coefficients are not shown as they were
identical to the respective sire terminal index coefficients when dam maternal index in its entirety was included in the model (Chapter 4).
Dam maternal calf sub-index
Cow-calf to beef

Cow-calf to
weanling/yearling

Cow-calf to beef

Cow-calf to
weanling/yearling

b (SE)1

b (SE)

b (SE)

b (SE)

Gross revenue output per hectare, €/ha

8.83a (1.29)***

4.03b (0.82)***

4.09a (0.89)***

1.51b (0.53)**

Variable costs per hectare, €/ha

4.33a (0.85)***

1.52b (0.55)**

1.82a (0.60)**

0.47b (0.35)

Gross profit per hectare, €/ha

4.53 (1.35)***

2.38 (0.86)**

2.42 (0.94)*

0.94 (0.55)

Fixed costs per hectare, €/ha

2.60 (1.11)*

0.27 (0.70)

2.28a (0.77)**

0.16b (0.45)

Net profit per hectare, €/ha

2.43 (1.71)

2.08 (1.08)

0.37 (1.19)

0.78 (0.70)

Financial variable
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a-b

Gross revenue output per livestock unit, €/LU

4.20 (0.72)***

2.53 (0.46)***

1.71 (0.50)***

0.73 (0.29)*

Variable costs per livestock unit, €/LU

1.98 (0.51)***

0.91 (0.33)**

0.40 (0.36)

0.11 (0.21)

Gross profit per livestock unit, €/LU

2.10 (0.82)*

1.58 (0.52)**

1.25 (0.57)*

0.54 (0.34)

Fixed costs per livestock unit, €/LU

0.70 (0.72)

0.00 (0.45)

0.92 (0.50)

0.07 (0.29)

Net profit per livestock unit, €/LU

1.63 (1.09)

1.58 (0.69)*

0.43 (0.75)

0.47 (0.44)

Gross revenue output per kg liveweight, €/kg

0.0043 (0.0018)*

0.0017 (0.0011)

0.0003 (0.0012)

-0.0010 (0.0007)

Variable costs per kg liveweight, €/kg

0.0001 (0.0022)

-0.0025 (0.0014)

-0.0012 (0.0016)

-0.0020 (0.0009)*

Gross profit per kg liveweight, €/kg

0.0042 (0.0026)

0.0039 (0.0017)*

0.0017 (0.0018)

0.0009 (0.0011)

Fixed costs per kg liveweight, €/kg

-0.0032 (0.0029)

-0.0043 (0.0018)*

0.0005 (0.0020)

-0.0017 (0.0012)

Net profit per kg liveweight, €/kg

0.0078 (0.0041)

0.0086 (0.0026)**

0.0012 (0.0028)

0.0030 (0.0017)

a

For each index, within row coefficients with different superscripts differ (P < 0.05).
Significance of coefficient from zero: * P < 0.05; ** P < 0.01; *** P < 0.001.

1

Dam maternal cow sub-index

b

Appendix M. Spearman correlations1 between genetic merit and the class variables of stocking rate, herd size, and the value of concentrate
consumed per ha for each production system of weanling/yearling to beef, cow-calf to beef, and cow-calf to weanling/yearling (Chapter 4).
Non-genetic variable
Weanling/yearling to beef
Stocking rate
Herd size
Value of concentrate consumed
per ha
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Cow-calf to beef
Stocking rate
Herd size
Value of concentrate consumed
per ha
Cow-calf to weanling/yearling
Stocking rate
Herd size
Value of concentrate consumed
per ha
1

Terminal
index

Dam maternal
index

Dam maternal
calf sub-index

Dam maternal
cow sub-index

Sire terminal
index

0.11**
0.02

0.18***
0.06

0.13***
0.06

0.03
-0.01

0.05
0.05

0.31***

0.23***

0.29***

-0.01

0.19***

0.02
-0.06*

0.14***
0.08**

-0.01
-0.07**

0.09***
0.09***

0.04
0.01

0.18***

0.05

0.16***

-0.07**

0.14***

0.22**
0.07
0.33***

Significance of correlation from zero: * P < 0.05; ** P < 0.01; *** P < 0.001.

Appendix N. Raw means (standard deviation in parentheses) by sex, heritability (h2) (SE in parentheses), and genetic standard deviation (σg) for
the performance and efficiency traits (Chapter 6).
Trait1

Pre-2012 Bulls

Post-2011 Bulls

Steers

Heifers

h2 (SE)

σg

MEI, MJ/d

133.51 (20.81)

177.79 (18.92)

147.53 (21.13)

134.89 (22.94)

0.50 (0.046)

10.12

ADG, kg/d

1.71 (0.38)

2.05 (0.35)

1.45 (0.34)

1.39 (0.33)

0.29 (0.037)

0.15

MBW, kg

113.3 (11.94)

121.4 (10.33)

122.5 (9.54)

110.4 (9.65)

0.58 (0.045)

5.98

UFD, mm

3.1 (1.68)

3.7 (1.13)

4.9 (1.76)

5.4 (1.90)

0.50 (0.050)

0.77

ECR

80.78 (16.81)

88.77 (15.81)

106.70 (25.44)

101.00 (24.76)

0.29 (0.039)

7.92

REI, MJ/d

0.00 (10.71)

0.00 (10.37)

0.00 (12.91)

0.00 (13.89)

0.48 (0.044)

7.29

REIU, MJ/d

0.00 (9.59)

0.00 (9.73)

0.00 (12.19)

0.00 (13.49)

0.39 (0.049)

6.40

RG, kg/d

0.00 (0.25)

0.00 (0.25)

0.00 (0.23)

0.00 (0.21)

0.25 (0.035)

0.12

RGU, kg/d

0.00 (0.23)

0.00 (0.25)

0.00 (0.23)

0.00 (0.21)

0.23 (0.040)

0.11

RIG

0.00 (1.63)

0.00 (1.67)

0.00 (1.72)

0.00 (1.69)

0.32 (0.039)

0.89

RIGU

0.00 (1.59)

0.00 (1.71)

0.00 (1.77)

0.00 (1.74)

0.27 (0.043)

0.85

0.75
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1

MEI = metabolizable energy intake; ADG = average daily gain; MBW = mid-test metabolic live-weight; UFD = ultrasound fat depth; REI = residual energy intake; REIU =
REI adjusted for UFD; RG = residual gain; RGU = RG adjusted for UFD; RIG = residual intake and gain; RIGU = RIG adjusted for UFD.

Appendix O. Raw means, phenotypic standard deviation (σp), genetic standard
deviation (σg), and heritability (h2; SE in parentheses) for the ultrasound and carcass
traits (Chapter 7).
Trait

Mean

σp

σg

h2 (SE)

Ultrasound muscle depth, mm
Intramuscular fat, %
Carcass weight, kg
Carcass conformation, scale 1-151
Carcass fat, scale 1-151
Dressing difference, kg
Dressing percentage, %

76.78
5.63
371.88
9.96
6.67
281.28
56.84

5.95
1.09
35.05
1.17
1.15
26.95
2.07

3.92
0.57
24.64
1.01
0.94
21.20
1.86

0.43 (0.071)
0.27 (0.063)
0.49 (0.066)
0.74 (0.069)
0.66 (0.069)
0.62 (0.069)
0.81 (0.068)

1

A score of 1 represents a poorly conformed or a lean carcass, and a score of 15 represents a well
conformed or fat carcass.
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Appendix P. Genetic correlations (below diagonal) and the number of records available per trait (along diagonal) among traits in the Terminal and
replacement indexes (Chapter 8).
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Trait

AFC

MCD

Milk

CI

CLW

SURV

CCW

DCD

GL

MORT

DOC

Age at first calving (AFC)
Maternal calving difficulty
(MCD)
Milk

184
0.05

184

-0.11

0.04

210

Calving interval (CI)

0.24

0.06

0.10

100

Cow liveweight (CLW)

-0.22

-0.30

-0.22

0.13

200

Survival (SURV
Cull cow carcass weight
(CCW)
Direct calving difficulty
(DCD)
Gestation length (GL)

-0.32

-0.38

0.31

-0.57

-0.12

93

-0.18

-0.24

-0.26

0.13

0.91

-0.23

165

0.09

-0.20

-0.18

0.29

0.33

-0.42

0.36

330

0.10

0.10

-0.15

0.10

0.12

-0.33

0.19

0.25
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Perinatal mortality (MORT)

-0.12

-0.20

-0.06

0.36

0.24

-0.33

0.25

0.42

0.05

218

Docility (DOC)

-0.21

0.08

-0.03

-0.06

0.09

-0.03

0.04

0.10

-0.11

0.25
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Carcass weight (CW)

-0.40

-0.25

-0.02

0.16

0.67

0.03

0.68

0.23

-0.03

0.35

0.17

Carcass conformation (CC)

-0.32

-0.06

-0.35

0.10

0.16

0.01

0.14

0.09

0.01

0.23

0.33

Carcass fat (CF)

0.11

0.10

0.17

-0.32

-0.23

0.27

-0.28

-0.13

0.01

-0.25

-0.07

Feed intake (FI)

-0.16

-0.32

0.15

0.03

0.51

0.03

0.45

0.36

-0.05

0.02

0.21

CW

CC

CF

FI

272
257
244
38
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